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Abstract 
Cadherins mediate Ca2+ dependent cell-cell junction in all animal tissues. 
Tight regulation of cadherin adhesion plays critical roles in diverse biological 
processes. Differential binding between cadherin subtypes is widely believed to 
mediate cell sorting during embryogenesis. However, a fundamental unanswered 
question is whether cell sorting is dictated by the biophysical properties of 
cadherin bonds. Chapter 2 describes the atomic force microscope 
measurements of the strengths and dissociation rates of homophilic and 
heterophilic cadherin bonds. Measurements conducted with chicken N-cadherin, 
canine E-cadherin, and Xenopus C-cadherin demonstrated that all three 
cadherins cross-react and form multiple, intermolecular bonds. The mechanical 
and kinetic properties of the heterophilic bonds are similar to the homophilic 
interactions. The quantified bond parameters, together with previously reported 
adhesion energies were further compared with in vitro cell aggregation and 
sorting assays. Trends in quantified biophysical properties of the different 
cadherin bonds do not correlate with sorting outcomes. These results suggest 
that cell sorting in vivo and in vitro is not governed solely by biophysical 
differences between cadherin subtypes. 
Although the knowledge of molecular mechanism of cadherin adhesion is 
fundamental to understanding various processes in morphogenesis and the 
regulation of cell junctions, it remains largely unclear. In Chapter 3, single bond 
force measurement was used to directly address the functional roles of Trp2 and 
adhesive domains in C-cadherin interaction. The bond rupture forces between 
 ii
the cadherin ectodomains, domain deletion fragments, and Trp2 point mutant 
were measured and compared. The results, together with surface force 
measurements (Maruthamuthu, Ph.D thesis 2009) demonstrated that Trp2 
residue both mediates the N-terminal interaction of cadherins and exerts an inter-
domain allosteric effect on multiple domains far away from EC1. The findings of 
the allosteric coupling between classic cadherin ectodomains reconcile several 
previous models of cadherin adhesion and may have important implications for 
the regulation of cadherin-based cell adhesion. 
The importance of mechanical force to development, differentiation, and 
normal physiology is increasingly acknowledged. Although the classic cadherin 
complex is a good candidate for tension sensing in tissues, direct evidence for 
such a role is lacking. In Chapter 4, I examined the cell responses to both 
external applied forces and soft substrates via classic type I cadherins. Cells 
respond to applied force through cadherin bonds by reinforcing the bead-cell 
junction, showing cadherin complexes are force-sensors. Besides, depending on 
cell context, the cadherin mechanotransduction is subtype-specific.  
To study how cells respond to passive substrate rigidity, MCF-7 cell 
spreading on soft gels coated with E-cadherins was examined. The spreading 
area of cells increases with substrate rigidity. This behavior indicates that the 
cells are able to sense the substrate stiffness through cadherin receptors and 
modify their spreading accordingly. These results provide direct evidences that 
cadherins complexes are mechanosensors.  
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Chapter 1 
Introduction 
 
Cell surface adhesion receptors are the ‘sticky hands’ that cells use to 
probe and communicate with their environment, including the extracellular matrix 
(ECM) and neighboring cells (Fig. 1.1). This communication is vital to cell health, 
development, cell differentiation, and it determines the normal cell function and 
cell fate. Two major families of such adhesion molecules expressed on the cell 
surfaces are integrins that mediate the cell-ECM adhesion and cadherins that 
regulate cell-cell adhesion (Boggon et al., 2002; Hynes, 2002).   
Cadherins constitute a super-family of cell adhesion proteins that mediate 
Ca2+ dependent cell adhesion in all animal tissues (Takeichi, 1991). Classic 
cadherin is a major subfamily of cadherins super-family. Different types of classic 
cadherins are named after the tissue they are first isolated from, such as 
Epithelial (E-) cadherin and Neural (N-) cadherin. Cadherins regulate and 
maintain the integrity of adult tissue architecture. Specific cell adhesion mediated 
by cadherins plays an important role in morphogenesis. The controlled spatial 
and temporal expression of specific cadherin subtypes is essential for 
establishing and maintaining multicellular architectures (Gumbiner, 1996; 
Takeichi, 1995).  
Just as cadherins are important in normal physiology, their abnormal 
expression is often associated with disease (Gumbiner, 2005). Serious 
morphological defects result from altered cadherin expression. The absence of E 
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(epithelial)-cadherin expression in mice truncates their development at early 
stages (Laure et al., 1994). Similarly, the expression of cleavage stage C-
cadherin during Xenopus laevis development is essential for the formation of a 
well-organized embryo (Lee and Gumbiner, 1995). An increase in the expression 
of N-cadherin was observed along with a decrease in E-cadherin expression as 
the cells become metastatic (Gumbiner, 2005).  
 
 
Figure 1.1: Cell environment and communication via cell surface receptors. Cells 
adhere to the ECM (extracellular matrix) and neighboring cells through integrins 
and cadherins. These cell surface receptors sense ligand adhesion and 
mechanical stress, and transduce the signal to downstream pathways to regulate 
cell functions. The figure is modified from Jaalouk (Jaalouk and Lammerding, 
2009).  
 
1.1 Cadherin structure and binding mechanism 
The architecture of classical cadherins comprises an extracellular 
segment, a single trans-membrane domain, and a highly conserved cytoplasmic 
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domain.  The extracellular segment contains five tandemly arranged extracellular 
(EC) domains (Boggon et al., 2002; Takeichi, 1995), numbered EC1 through EC5 
starting from the outermost N-terminal domain (Fig. 1.2). Three calcium ions are 
complexed at the junctions between adjacent extracellular (EC) domains. In the 
presence of Ca2+, these domains form a relatively rigid structure, which is 
necessary for adhesion (Boggon et al., 2002; Pertz et al., 1999).  
The cadherin cytoplasmic domain interacts with the actin cytoskeleton 
through its binding partners, β-catenin and α-catenin (Fig. 1.2A) (Gates and 
Peifer, 2005; Weis and Nelson, 2006; Yamada et al., 2005). p120 catenin binds 
to the juxtamembrane part of the cytoplasmic tail. The cytoskeletal interaction is 
necessary for the normal function of cadherins, and is mediated by the catenins 
and possibly other proteins (Abe and Takeichi, 2008; Gumbiner, 1996).  
 
Figure 1.2:  Classic cadherin structure and interactive partners. (A) The 
architecture of cadherins and (B) the crystal structure of cadherin ectodomains. 
β-catenins bind to the cytoplasmic tail of cadherins and interact with cytoskeleton 
through α-catenins.  
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Although several models of cadherin adhesion have been proposed, the 
details of how cadherins bind are still unsolved. Several studies proposed that 
the outermost EC1 domain plays a central role in cadherin dependent adhesion 
between cells. The crystal structure directly shows the involvement of an 
exchange of the β-strands between interacting EC1 domains (Figure 1.3A), 
which is known as the strand dimer interface (Shapiro et al., 1995; Tamura et al., 
1998). This adhesive complex involves the insertion of the conserved Trp2 side 
chain of one protein into the conserved hydrophobic pocket of the partner 
molecule (Boggon et al., 2002; Haussinger et al., 2004). Although this Trp2 
binding was originally proposed to form a cis-interface (lateral interaction), later 
studies support a model in which the strand dimer is the binding interface for 
trans adhesive interactions between cells (Boggon et al., 2002; Haussinger et al., 
2004). The critical role of the Trp2 and putative strand exchange is also 
supported by chemical cross-linking, NMR, and cell aggregation assays. These 
measurements show the loss of cell adhesion by a W2A point mutation (Harrison 
et al., 2005; Haussinger et al., 2004; Tamura et al., 1998; Troyanovsky et al., 
2003). 
IN addition to the EC1-EC1 interaction, several reports demonstrated that 
cadherin interactions involve more than one domain (Chappuis-Flament et al., 
2001; Perret et al., 2004; Shan et al., 2004; Sivasankar et al., 2001; Tsukasaki et 
al., 2007; Zhu et al., 2003). In flow assays, cells adhered much more weakly to 
substrates coated with cadherin fragments lacking EC3 or EC3-5 than to full 
length EC1-5 coated substrates (Chappuis-Flament et al., 2001). More directly, 
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surface force apparatus (SFA) measurements of adhesion between two curved 
surfaces coated with oriented monolayers of cadherins show that the proteins 
form three different bonds in which the strongest bond requires EC3 and the 
weakest bond requires EC1 (Sivasankar et al., 2001; Zhu et al., 2003). Several 
models were proposed to account for the cadherin binding mechanism as shown 
in Figure 1.3 (Gumbiner, 2005). Chapter 3 of this thesis uses atomic force 
microscopy to test the different models of cadherin binding.  
 
 
Figure 1.3: Proposed models for the cadherin binding mechanism. A) Cadherins 
bind through the exchange of Trp2 residues on opposing proteins. B) Cadherins 
form multiple binding interactions in addition to EC1-EC1 bond in (A).  
 
 
1.2 Cadherin mediated cell-sorting and morphogenesis 
Besides the cadherin binding mechanism, the molecular origin of 
cadherin-mediated cell-sorting specificity is another fundamental question 
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regarding cadherin functions. The specificity of homophilic cadherin adhesion 
has been thought to underlie the segregation of cells into specific tissue layers 
during development (Takeichi, 1995). Here homophilic interactions refer to the 
binding between the identical cadherins, while heterophilic interactions involve 
binding between different cadherins. Embryonic development involves extensive 
cell division, differentiation, and rearrangements that are usually associated with 
spatio-temporal changes in cadherin expression (Gumbiner, 1996), and the 
expression of different types of cadherins controls the sorting of cells into distinct 
tissues (Gumbiner, 2005; Takeichi, 1995).  
To explore the mechanism of cadherin-mediated cell sorting, a few in vitro 
assays are used to mimic cell sorting in vivo. These includes the cell aggregation 
assay, wherein two cell populations that express different cadherins are mixed 
and stirred continuously for about one hour to determine whether the cells form 
separate aggregates or intermix (Niessen and Gumbiner, 2002). In the cell 
sorting assay, two different cell populations are mixed and centrifuged to form a 
mixed cell pellet, which is then incubated for 24-48 hr to determine whether the 
cell populations sort out (Duguay et al., 2003). Another “hanging drop assay” 
mixes the cells in a droplet that supported on the lower surface of the lid of a 
Petri dish.  Cell sorting patterns are then determined after 24 to 48 hours.   
It is widely believed that the preferential formation of homophilic cadherin 
bonds relative to heterophilic bonds drives cell-sorting into distinct tissues during 
development (Takeichi, 1995). Early cell aggregation assays gave the most 
compelling evidence that different cadherin subtypes do not cross-react and that 
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they exclusively form homophilic bonds. For example, in a cell aggregation study, 
E-cadherin and P-cadherin expressing cells formed separate aggregates, 
suggesting that E- and P-cadherin do not cross-react (Nose et al., 1988). Further 
the EC1 domain appears to determine cadherin specificity in cell aggregation 
experiments. When the EC1 domain of E-cadherin was exchanged with the P-
cadherin EC1 domain, the E-cadherin chimera intermixed with P-cadherin 
expressing cells (Nose et al., 1990). Considering that different tissues usually 
express different cadherin types, the early work suggested that differential 
cadherin binding directs cell segregation.  
However, there is substantial evidence that cadherins do not exclusively 
form homophilic bonds. For instance, chicken B-cadherin and LCAM (liver cell 
adhesion molecule, the E-cadherin homolog in chicken) expressing cells form 
completely intermixed aggregates in cell aggregation assays  (Murphy-Erdosh et 
al., 1995). R-cadherin also binds to N-cadherin to cause the co-aggregation of 
cells that express these two proteins. Studies also showed cross-reactivity 
between several other cadherins, such as chicken B-cadherin and murine E-
cadherin (Duguay et al., 2003; Foty and Steinberg, 2005; Friedlander et al., 
1989). In a flow assay, recombinant E-cadherin, N-cadherin or C-cadherin 
ectodomains were immobilized on different substrata, and cells expressing E-, C-, 
or N-cadherin bound equally well to each of these substrates. This suggested a 
lack of homophilic cadherin binding specificity (Niessen and Gumbiner, 2002).  
The differential adhesion hypothesis (DAH) was proposed by Steinberg to 
predict tissue sorting behavior (Steinberg, 2007; Steinberg and Takeichi, 1994). 
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The DAH proposes that the differences in the adhesion energies between cells 
cause cells to sort out, in order to minimize their interfacial free energy. 
Differential adhesion could arise from both differences in the cadherin identity 
and in the cadherin expression levels. Differences in the expression level by only 
25% was enough to cause two cell populations that both express P-cadherin to 
segregate in the cell sorting assay (Steinberg and Takeichi, 1994). Even the 
aggregation behavior of E- and P-cadherin expressing cells was later revisited. 
Duguay et al. accurately determined the surface density of the expressed 
cadherins using quantitative flow cytometry (Duguay et al., 2003). When the 
expression levels of E- and P-cadherin were the same, the cells did not sort out 
in the sorting assay. However, they did sort out when the P- and E-cadherin 
expression levels differed by > 20% or more. This suggests that E- and P-
cadherins cross-react, and that cadherin expression level is also important in 
determining cell adhesion energies, and hence the cell-sorting outcomes (Foty 
and Steinberg, 2004; Foty and Steinberg, 2005).  
Cell adhesion is absolutely essential to organize cohesive multicellular 
systems. Cell motility is also necessary for cells to sort into these organized 
tissue architectures. The question then remains: How does the cadherin 
specificity mediate cell sorting in vivo? Recently, biophysical measurements 
quantified the adhesion energies of both heterophilic and homophilic cadherin 
interactions, in order to determine whether homophilic adhesion is 
thermodynamically preferred. Surface force measurements showed that 
homophilic and heterophilic cadherin adhesion energies are similar (Prakasam et 
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al., 2006b). Interestingly, a recent study also showed that the cortical tension of 
cells correlates with the cell sorting patterns better than the adhesion energy 
(Krieg et al., 2008). A fundamental unanswered question is therefore whether cell 
sorting is dictated by the biophysical properties of cadherin bonds, or by broader, 
cadherin-dependent differences in other factors, such as intercellular signaling 
and mechanotransduction as discussed below. In this thesis, Chapter 2 
addresses the question whether the biophysical properties of the bonds between 
cadherin ectodomains dictate cell sorting.  
1.3 Mechanotransduction  
The importance of mechanical force in development, differentiation, 
homeostasis, and various disease states is increasingly acknowledged, and 
many of the pathologies reflect malfunctions in mechano-transduction (Butcher et 
al., 2009; Hahn and Schwartz, 2009; Jaalouk and Lammerding, 2009; Kumar and 
Weaver, 2009; Papachroni et al., 2009). Cell surface receptors such as integrins 
integrate both chemical and mechanical cues to regulate a variety of important 
biological processes (Fig. 1.4) (Jaalouk and Lammerding, 2009).  
Forces are universally present in biology. Cells and tissues can 
experience stresses from many sources, with most distinct examples of forces 
from neighboring cells being experienced during large scale cell migration in 
morphogenesis and wound healing, and from shear stress in the vascular system 
(Chen, 2008; Schwartz and DeSimone, 2008). Morphogenetic processes during 
embryonic development generate tensions both locally and between adjacent 
tissues. The mechanical forces that are physiologically relevant fall into three 
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categories: externally applied forces, matrix mechanical properties (e.g. substrate 
rigidity), and cell-generated (contractile) forces (Chen, 2008). Resultant 
mechanical signals may be mediated by both integrin-ECM and cadherin-
dependent cell-cell adhesions.  
 
 
Figure 1.4: Cell adhesion complexes transduce external stress into proportional 
intracellular biochemical signals. 
 
Over the past decade, researchers became aware that cells can actively 
sense these forces and substrate rigidity and respond by modulating their 
actomyosin contractility and other cell functions (Chen, 2008; Chen et al., 2004; 
Ingber, 2006). Much attention was focused on integrins and focal adhesions. 
Integrins were implicated in a remarkable range of mechanotransduction 
phenomena, including cellular responses to stretch and fluid shear stress. Wang 
first demonstrated that integrins function as a force transducer which transmits 
force into cells (Wang et al., 1993). Later, Choquet et al. used optical tweezers to 
restrain the attached beads through integrin adhesion, and found that cells sense 
forces through integrins and respond actively to the forces by reinforcing the local 
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bead contact (Choquet et al., 1997), and by activating proportional biochemical 
signals (Wang et al., 2005). Focal adhesions were also strengthened under 
tension (Lo et al., 2000).  
Substrate compliance can also affect cell such behavior as cell spreading, 
morphology, cell polarization, and migration. Tissues in the body typically have 
elastic moduli on the order of 1 - 50 kPa (Kim et al., 2009; Kumar and Weaver, 
2009). Although most adhesion experiments were done on glass or polystyrene 
with stiffness at the range of 1-100 GPa. Though many of these experiments 
have been informative, there is extensive evidence that many cellular functions 
on soft substrates differ substantially from those on hard substrates (Discher et 
al., 2005). For example, cells adherent to matrix proteins exhibit increased 
spread areas on stiffer substrates than on soft ones (Chou et al., 2009; Lo et al., 
2000; Pelham and Wang, 1997). These changes correlate with changes in the 
cell cytoskeleton and focal adhesions. When the ECM is not rigid, cytoskeletal 
tension at adhesion contacts do not develop and focal adhesions fail to mature 
(Galbraith et al., 2002).  Mesenchymal stem cells cultured on fibronectin-coated 
soft polyacrylamide (PA) gels differentiate into different cell types, depending on 
the gel stiffness (Engler et al., 2006).  
It has been suggested that the contractile forces of cells contribute to 
many in vivo cell functions. Traction forces were quantified using tools such as 
traction force microscopy (Balaban et al., 2001; Dembo and Wang, 1999; Oliver 
et al., 1998). Integrin-mediated traction forces exerted by cells depend on the 
stiffness of the underlying substrate (Discher et al., 2005; Engler et al., 2006; Lo 
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et al., 2000). One hypothesis is that the traction forces modulated by altering the 
mechanical stiffness of the substrates may control cell behavior (Ingber, 2006; 
Pelham and Wang, 1997).  
As cell surface receptors, both integrins and cadherins can transmit 
mechanical forces and regulate various intracellular signaling pathways. 
Although integrins have been the focus of most studies of mechanotransduction 
over the past years, mechanosensing could also occur at cell-cell junctions, in 
order to sense tissue rigidity or transmit contractile forces from neighboring cells. 
It is likely that, during morphogenesis, intercellular mechanical forces direct cell 
patterning and drive cell movements. Although the classic cadherin complex is a 
good candidate for tension sensing in tissues, direct evidence for such a role is 
lacking. Cell adhesion receptors on hair cells, including cadherin-23, were shown 
to be mechanosensors (Muller, 2008; Schwander et al., 2009). However, 
between endothelial cells, results suggest that VE-cadherin acts as an adapter in 
the shear flow force sensing complex that involves PECAM1 and VEGFR2 
(Schwartz and DeSimone, 2008; Tzima et al., 2005). Whether classic cadherins 
function as mechanosensor remains unanswered.  In Chapter 4 this question is 
directly addressed.  
1.4 Experimental techniques and theories 
1.4.1 Single bond force measurements with AFM 
To study the mechanism of cadherin binding and specificity, atomic force 
microscope (AFM) was used to characterize the cadherin interaction. AFM is 
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able to quantify the intrinsic strengths of individual bound state of cadherin 
interaction at pico-Newton accuracy, from which the characteristics, such as the 
dissociation rates of cadherin bonds are obtained. The technique is based on a 
simple principle. Basically, ligands of interest are attached to the tip of the force 
transducer and the corresponding receptors are attached to the surface of the 
substrate (Figure 1.5A). The modified transducer is brought into contact with the 
surface, allowing the adhesive bond to form. When pulling the transducer away 
from the surface, the spring deflects under the tension once a bond forms. The 
bond ruptures if enough force or time is applied. We can then use the distance 
that the spring recoils after bond rupture ∆D (deflection), and the spring constant 
ks, to calculate the rupture force from Hooke’s law, F = ksx∆D. 
During the past few years, due to its high resolution and flexibility, AFM 
has become a popular tool for studying biological problems, especially in probing 
biomolecules, bio-surface interactions, and biomechanics. Figure 1.5A gives a 
general schematic of the AFM. To detect the cantilever deflection, a laser light is 
focused on the backside of the cantilever. The light is reflected toward a position 
sensitive photodiode (PSPD). The AFM tip is driven by a piezo-electric actuator 
into contact with the underlying substrate. A deflection of the cantilever causes a 
shift of the laser beam on the PSPD. Thus, the PSPD tracks the movement of the 
cantilever surface by sensing changes in the position of the reflected light. 
The spring constant of cantilevers is typically calibrated with the thermal 
method (Hutter and Bechhoefer, 1993) (Figure 1.5B). The power spectrum 
density (PSD) of the cantilever deflection due to thermal motion is fit with a 
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simple harmonic oscillator model (Walters et al., 1996) and the spring constant is 
derived from the equipartition theorem. This method is straightforward, non-
destructive to cantilevers, and reasonably accurate. In measurements, the AFM 
quantifies the force as a function of the piezo displacement or time. 
 
 
Figure 1.5: (A) Schematic of the atomic force microscope and (B) the calibration 
of the spring constant with the thermal method. In AFM measurements, the 
optical lever in which a laser reflects from the cantilever back to PSPD (position 
sensitive photodiode) detects the cantilever deflection. To calibrate the cantilever 
spring constant, the power spectrum density (PSD) of the cantilever in water due 
to thermal fluctuation (B) is generated and fitted with a simple harmonic oscillator 
(SHO) model (Walters et al., 1996), from which the spring constant of the 
cantilever is determined, using the equipartition theorem.  
 
 
Figure 1.6A shows a typical force-time curve. At position (a), the tip is 
initially at rest, far away from the surface (light directed at the center of the 
PSPD). The cantilever is then moved into contact with the surface. The cantilever 
deflects once it pushes against the surface (position b). The tip is then retracted. 
If any ligand-receptor bond is formed, the cantilever would be deflected in the 
negative direction (position c) until the bond breaks. The point of rupture is the 
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position where the tip snaps back to its initial resting position. The amount of 
force required to rupture a bond is the “bond rupture force”. 
 
 
Figure 1.6: (A) A representative force curve measured with AFM and (B) plot of 
the probability of obtaining a single bond rupture event as a function of the 
binding frequency. In (A), tip-surface interactions (a, b, c) correspond to different 
positions on the force curve as labeled. At position a, the cantilever is free at rest. 
At position b, the cantilever pushes against the surface. At position c, the 
cantilever bents towards negative direction due to the adhesive bonds formed 
between the surface and cantilever tip.  
 
 
The formation and forced rupture of bonds between the tip and the sample 
is a stochastic process. Therefore, thousands of force-extension curves are 
collected to obtain a representative distribution of the data. The number of bond 
ruptures at each pulling follows Poisson distribution (Evans, 2001). Then the 
binding frequency (the percent of events which show a bond rupture) is p(>0) = 
1-exp(-<n>), where <n> is the average number of bonds formed. The probability 
of achieving single bond rupture is P1 = <n>exp(-<n>)/(1-exp(-<n>)) (Evans, 
2001). Figure 1.6B plots the P1 as a function of the binding frequency. In order to 
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measure single bond rupture forces, the frequency of binding events is controlled 
to be low, c.a. 10-20% (Fig. 1.6B). This is achieved by sparsely modifying the tip 
and sample with protein. At this low binding frequency, Poisson statistics show 
that the majority of these binding events (> 90%, Fig. 1.6B) result from single 
bonds (Evans, 2001).  
In a typical AFM experiment, the force on a bond increases at a constant 
rate (pulling rate) until the bond breaks. In these studies, the bond rupture is 
measured at a range of pulling rates. Another approach is to apply a constant 
force and determine the bond lifetime under the constant force. Both methods 
can give characteristic parameters defining the bond potential energy landscape, 
as discussed below. 
1.4.2 Forced bond dissociation 
The interaction potential for a non-covalent bond is shown in Figure 1.7. At 
or near equilibrium (the dashed blue line in Fig. 1.7B), molecules are free in 
solution and are constantly associating and dissociating over time. However, in 
the AFM studies, applying a force to the bond shifts the potential energy 
landscape far from equilibrium. The height of the energy barrier is lowered due to 
this applied external force, and this increases the dissociation rate (the solid red 
line in Fig. 1.7B). Here the application of force creates a transient capture well 
(the solid red line in Fig. 1.7B). If the applied force is great enough, this well can 
be deeper than the minimum of the bound state at Emin, favoring dissociation. 
Once the bond breaks, it has no chance to rebind in most AFM measurements. 
The behavior of molecular bonds under an external force can be understood 
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using the theory originally developed by Kramers to describe barrier crossing in a 
dissipative environment (Kramers, 1940).  
For a first order reaction: off
on
k
k
AB A B  , the master equation is: 
( ) / ( ) ( )* ( )AB off AB on A BdP t dt k P t k P t P t   .    1.1   
Considering a bound state confined by a sufficiently high energy barrier (Eb), 
Kramer’s theory predicts that the rate of transition to the unbound state is given 
by: 
/
min max2 / b B
E k T
off Bk D k T e              1.2 
where 
2
2
2 2
1 |
(2 )min min
E
x
 
  , 
2
2
2 2
1 |
(2 )max max
E
x
 
  , D is the diffusion coefficient, kB is 
the Boltzmann constant, and ∆Eb = Emax – Emin is the height of the energy barrier 
in the absence of force (Fig. 1.7)(Evans and Ritchie, 1997; Kramers, 1940).  
When an external force f is applied to the bond, the energy barrier is lowered 
(see Fig. 1.7) and the off rate from Equation 1.2 is simplified as:  
/1 / e BE k Tfoff Dk t
            1.3 
where ( ) ( ) (max min max min )E E x E x f x x
     , and tD, known as diffusive relaxation 
time, is the pre-factor in Equation 1.2 (Bell, 1978; Evans, 2001). If we assume 
that the external force does not significantly change the position of the energy 
barrier, which is reasonable for potential landscapes with a high and sharp 
energy barrier, Equation 1.3 reduces to:  
( )/1/ e b BE f x k Tfoff Dk t
      or /e
off
f ff
offk k      1.4 
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where max minx x x   , koff is the intrinsic dissociation rate, and here fβ is the so 
called thermal force and expressed as /Bf k T x  .  
 
 
Figure 1.7: A schematic of pulling a bond out of a potential well (A) and the 
energy profile of molecular interaction under the force (B). 
 
 
We can assume that the external force forms an angle β with respect to 
the reaction coordinate x, cos( )x x    . More simply, xβ is the thermally 
averaged projection of ∆x along the direction of the force (Figure 1.7B). With a 
steep energy barrier and ∆x independent of the external force, Equation 1.4 
shows that the rate of bond dissociation under force koff increases exponentially 
with the force. 
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As discussed above, when molecular bonds are subject to a constant 
force, the dissociation rate koff of the bond is constant. The master equation 
governing the dynamics is reduced to the following  
( ) / ( )
off
fdP t dt k P t   .      1.5 
The survival probability P(t), defined by the probability of a bond ruptured at time 
larger than t, is: 
( ) exp( )
off
fP t k t   .                                                 1.6 
This is the expression for the probability of survival which will be used in the 
analysis of the constant force experiments.  
 Alternatively, when a bond is subject to a time-varying force, the rupture 
forces are distributed according to a function that is determined by the inner 
energy barriers and by the loading rate rF, which is the rate of increase in the 
force with time f = rFxt .       1.7 
For simple bonds, i.e. ones with only one energy barrier, at forces much 
greater than the thermal force, the rate of re-association vanishes. By solving 
ODE equations 1.5 and 1.7, the rupture forces are distributed according to the 
probability distribution function P(f) (Evans, 2001; Evans and Ritchie, 1997):  
/( ) [ ( 1) / ]f foff FP f exp k f e r   .     1.8 
And the probability density function is  
/( ) [ / ( 1) / ] /f foff off F Fp f k exp f f k f e r r      .   1.9 
The theoretical model used to derive equation 1.9 includes two unknown 
parameters: namely, the unstressed off rate koff and the distance xβ from the free 
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energy minimum to the energy barrier. The most probable rupture force is 
derived from this probability function: 
ln( ) ln( )mp F offF f r f k f    ,     1.10 
This predicts that the most probable rupture forces increase linearly with the 
logarithm of pulling rates. The intrinsic dissociation rate and the thermal force can 
be obtained from the dependence of the most probable rupture forces on the 
Logarithm of the pulling rates (equation 1.10). Such plots are popularly referred 
to as “dynamic force spectra”. Equation 1.10 is used to analyze the data from 
single bond rupture measurements, especially when the rupture forces are 
narrowly distributed with clearly defined peaks.  
1.4.3 Magnetic twisting cytometry and stiffness measurement  
To address the question of whether classic cadherins function as 
mechanosensors, magnetic twisting cytometry (MTC) is used because it can 
apply force to cells through cell surface receptors, in order to monitor cells’ 
response to stress. Figure 1.8A shows the schematic of the MTC setup. The 
magnetic field is generated by the electric coils around the sample, with the 
magnitude manipulated by the controller through a computer program. The cell-
bound magnetic beads are magnetized horizontally by applying a large magnetic 
field pulse of 1 Tesla (Fig. 1.8A). The twisting field is then applied vertically to the 
bead and generates a torque T on the beads which causes a displacement D of 
the bead. The synchronized bead position is recorded from the bright field image 
with the center of mass algorithm.  
 
 20
 Figure 1.8: Schematic of MTC (A) and shear modulus of the material (B). The 
stress in unit area is defined as σ = F/A and torque is T = Fxd (B). The shear 
modulus is defined as G =  σ/θ. 
 
 
When a magnet is placed in a magnetic field, the magnetic moment 
experiences a torque (force) that aligns the magnetic moment with the field. This 
aligning torque is given by 
T = mxB or T = |m|*|B|*sin(θ),     1.11 
where T is the torque, measured in Newton-meters; m is the magnetic moment in 
Ampere meters-squared; B is the magnetic field in Teslas; and θ is the angle 
between m and B. When an oscillating magnetic field B is applied, an oscillating 
torque T and synchronized bead movements are generated. This is the basis of 
the MTC measurement. The beads used in this device are made of 
ferromagnetic materials (permanent) that retain their magnet moment after the 
magnetization. This is in contrast to paramagnetic or super-paramagnetic 
materials which exhibit a magnetization proportional to the external applied field 
that dissipates once the external field is removed.  
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The stiffness or elastic modulus is one of the most common terms used to 
describe the materials’ mechanical properties. It can be defined as an object's 
tendency to deform elastically when a force is applied. The elastic modulus of an 
object is the slope of its stress-strain curve in the elastic deformation region, λ = 
stress / strain. Here λ is the elastic modulus, stress is the force causing the 
deformation divided by the area over which the force is applied, and strain is the 
ratio of the change to the original state of the object caused by the stress. The 
most common elastic moduli are Young's modulus E (subject to tensile forces) 
and the shear modulus G (subject to shear or torques, Fig. 1.8B). Dynamic 
modulus is the ratio of stress to strain under oscillatory conditions. It is a property 
of viscoelastic materials. When an oscillatory force (stress) is applied to a 
material, the resulting displacement (strain) is measured. In purely elastic 
materials, the stress and strain occur in phase, while in purely viscous materials, 
there is a phase lag of 90 degrees. Typical viscoelastic materials exhibit both 
viscosity and elasticity. The stress and strain of viscoelastic materials under 
dynamic loading can be described by 0 sin( )t      (stress) and 
0 sin( )t     
)
 (strain), where ω is the frequency of the stress oscillation and 
δ is the phase lag between the stress and strain. The storage and loss moduli of 
viscoelastic solids measure the stored energy, representing the elastic portion, 
and the energy dissipated as heat, representing the viscous portion. The shear 
storage and loss moduli are defined as ' 0 0/ cos(G      (elastic) and 
"
0 0/ sin( )G      (loss), respectively. Alternatively, complex numbers can be 
used to express the modulus G as follows: * ' "i GG G   .  
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As shown above, when a magnetic field B is applied, the specific stress 
applied to the cells through the magnetic beads is defined as σ = T/6V, and the 
stiffness is defined as G = T/(VD) which is normalized by the bead volume V 
( , since T = Fx2R). When an oscillating 
magnetic field is applied, the bead center is recorded in a discrete series, noted 
as di, 16 per cycle. The bead displacement, D, and phase shift were obtained 
through the Fourier transformation, 
2 3/ / 4 / 8 /F A F R T R T V     
f
6
0
exp( 2 / )
N
n
X di fn N

   , where N = 16, f = 
0.3 Hz. The bead displacement D = |Xf|, and phase δ = arg(Xf), from which the  
elastic and loss modulus were derived G′ = 6σ/D*cos(δ) and G″ = 6σ/D*sin(δ). 
1.5 Questions addressed in this thesis 
Chapter 2 studies the question of whether the difference in the parameters 
of homophilic and heterophilic cadherin bonds controls the cell sorting. The 
binding strength and bond parameters of cadherin interaction were quantified 
with single bond rupture measurements. The difference in the obtained 
parameters of homophilic versus heterophilic cadherin bonds was compared with 
the cell aggregation and cell sorting outcomes.   
Chapter 3 explores the functional role of cadherin ectodomains in cadherin 
binding. AFM is used to probe the bond strengths between cadherin mutants and 
domain deletion fragments at the single bond level. The characteristic 
parameters, including dissociation kinetics, are obtained from the measurements. 
This enabled me to map the adhesive property and functional domains of 
cadherins. 
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Chapter 4 addresses the question of whether classic cadherins function as 
mechanosensors. The magnetic twisting cytometry is used to apply the force to 
cells through magnetic beads and monitor the cells mechanical response to 
stress simultaneously. In addition, cell spreading measurements of MCF-7 cells 
plated on E-cadherin coated soft gels with different stiffness was examined to 
test whether cells are able to sense the substrate rigidity. Meanwhile, I also 
explore the subtype specificity of cadherin mechanosensing.  
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Chapter 2 
Biophysical Properties of Cadherin Bonds 
are Similar 
 
2.1 Introduction 
The importance of cadherins was recognized early on from the 
observation that the segregation of embryonic cells into distinct patterns 
correlated with the expression profiles of cadherin subtypes (Takeichi, 1988). 
Cadherins mediate cell sorting into distinct tissues during morphogenesis, and 
they organize boundaries in mature tissues (Gumbiner, 1996; Takeichi, 1991; 
Takeichi, 1995). For example, neural cadherin (N-cadherin) first appears during 
neurulation, and is essential for the separation of the neural tube from the 
embryonic ectoderm, which expresses epithelial cadherin (E-cadherin) 
(Gumbiner, 2005). Early studies suggested that cell-surface properties drive cell 
segregation. In vitro, dissociated amphibian embryonic cells re-aggregated, and 
then sorted out to form tissue-like cell patterns (Takeichi, 1995). This behavior 
was linked to cadherins. Embryonic lung tissue was dissociated into 
mesenchymal and epithelial cells that express N-cadherin and E-cadherin, 
respectively. When re-aggregated, the epithelial and mesenchymal cells sorted 
out as in the original embryonic tissue. Similarly, L-cells transfected with E-
cadherin, partitioned with the epithelial cells.  
A fundamental question is whether cell sorting is dictated by differences in 
cadherin adhesion, and, if so, whether the biophysical properties of the adhesive 
 25
bonds dictate cell sorting. One widely held view is that selective homophilic 
versus heterophilic cadherin binding drives cell sorting. This was based on 
studies of selective cell segregation in agitated suspensions (Inuzuka et al., 1991; 
Miyatani et al., 1989; Nose et al., 1988; Roth and Weston, 1967). In particular, 
cells expressing different cadherin subtypes formed segregated clusters when 
agitated for 45-60 min (Inuzuka et al., 1991; Miyatani et al., 1989; Nose et al., 
1988). Exchanging the N-terminal EC1 domains of different cadherin subtypes, 
switched the cell aggregation specificity in those same assays (Nose et al., 1990). 
Alternative, equilibrium models postulate that differences in intercellular adhesion 
energies (or interfacial tension) due to differential cadherin binding cause cells to 
sort out (Chen et al., 2005; Steinberg, 1963). Recent findings indicate that cell 
surface tension, which depends on cadherin identity and density as well as on 
cortical tension, governs embryonic cell sorting (Krieg et al., 2008). 
Several findings differ from short-term cell sorting results, which were 
attributed to preferential homophilic cadherin binding. In alternative, long-term 
aggregation assays, Steinberg and coworkers showed that cells expressing 
different cadherins formed intermixed cell clusters after ~4 days (Foty and 
Steinberg, 2005). Furthermore, in flow assays, E-, N- and C- (cleavage stage) 
cadherin-expressing cells adhered equally well to substrates coated with E-
cadherin ectodomains, although E-cadherin and N-cadherin expressing cells (E-
CHO and N-CHO) formed separate clusters in short-term aggregation assays 
(Niessen and Gumbiner, 2002). The measured adhesion energies of homophilic 
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and heterophilic cadherin bonds are also similar (Prakasam et al., 2006b). 
Consequently, cadherins appear to exhibit little binding selectivity.  
Based on the degree of sequence and structural homology between 
classical cadherins, one might expect cross-reactivity between cadherin subtypes. 
The classical cadherins comprise an extracellular region, a single-pass trans-
membrane domain and a cytodomain (Takeichi, 1991). The ectodomain folds into 
five tandemly arranged extracellular (EC) domains, numbered EC1 to EC5 from 
the N-terminus (Boggon et al., 2002; Yap et al., 1997a). X-ray structures show 
that the ectodomains can bind each other by inserting the conserved Trp2 
residue of the EC1 domain of one protein into a hydrophobic pocket on EC1 of 
an opposed or adjacent cadherin (Boggon et al., 2002; Overduin et al., 1995; 
Shapiro et al., 1995; Tamura et al., 1998). Studies mapped both adhesion and 
binding selectivity to this EC1 interaction (Nose et al., 1990; Pertz et al., 1999; 
Tamura et al., 1998).  
However, independent biophysical approaches, including cell adhesion 
studies show that multiple extracellular (EC) domains are required for the 
formation of strong adhesive bonds (Bayas et al., 2006; Chappuis-Flament et al., 
2001; Chien et al., 2008; Perret et al., 2004; Zhu et al., 2003). Molecular force 
measurements, using two different experimental methods and carried out with 
different classical cadherin ectodomains demonstrated that the EC12 fragments 
alone exhibit only weak bonds with fast dissociation rates (Bayas et al., 2006; 
Perret et al., 2004; Sivasankar et al., 2001; Zhu et al., 2003). The strongest 
adhesion requires the full ectodomain. Adhesion between cell pairs exhibits 
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biphasic kinetics, which also requires the full cadherin ectodomain (Chien et al., 
2008). Both molecular force probe and cell adhesion kinetics further showed that 
the highest probability binding state and strongest adhesion require the third 
domain EC3 (Chappuis-Flament et al., 2001; Chien et al., 2008; Zhu et al., 2003). 
The latter findings are important because they identify additional interactions and 
binding steps that affect intercellular adhesion, and could also impact cell 
segregation. 
Importantly, although proposed models for cell sorting are based on 
postulated differences in cell and/or cadherin adhesion, the majority of methods 
used to investigate cadherin-mediated adhesion and selectivity are not 
quantitative. Nor do they determine the relevant biophysical parameters needed 
to test definitively whether specific cadherin ectodomain properties are sufficient 
to drive cell segregation. 
Here we describe studies that directly address this knowledge gap, by 
quantifying the mechanical strengths and dissociation rates of cadherin bonds at 
the single molecule level. This work extends previous near-equilibrium cadherin 
adhesion energy measurements (Prakasam et al., 2006b), by quantifying the 
rupture forces and intrinsic dissociation rates of homophilic and heterophilic 
cadherin linkages. These studies are motivated in part by the hypothesis that 
either thermodynamic (Chen et al., 2005; Steinberg, 1963; Steinberg and 
Takeichi, 1994) or kinetic differences between homophilic and heterophilic 
cadherin bonds underlie cell sorting. Three types of classic cadherins were 
studied: chicken N-cadherin, canine E-cadherin, and Xenopus C-cadherin. The 
 28
forces required to dissociate individual cadherin ectodomain bonds were 
measured with the atomic force microscope (AFM). The quantified bond 
parameters were compared with cell aggregation results, and with previously 
reported adhesion energies.  
2.2 Materials and methods 
2.2.1 Protein production and purification 
Full length cadherin and soluble, Fc-tagged full-length cadherin 
ectodomains were expressed in stably transfected Chinese Hamster Ovary (CHO 
K1) cells, and purified as described (Chappuis-Flament et al., 2001; Chien et al., 
2008; Prakasam et al., 2006b). CHO-K1 cells expressing the full-length 
ectodomain of Xenopus C-cadherin (CEC1-5) fused at the C-terminus to the 
human Fc domain were cultured in Glasgow modified Eagle’s medium (MEM) 
containing 10% dialyzed fetal bovine serum (FBS). Human Embryonic Kidney 
cells (293HEK) expressing Canine E-cadherin (EEC1-5, with a C-terminal 
Human Fc domain) or Chicken N-cadherin ectodomains (NEC1-5, with a C-
terminal mouse Fc domain) were cultured in MEM containing 10% FBS. During 
the protein collection phase, the culture medium was switched to serum-free 
MEM to simplify the purification and increase protein yield. Cadherins were 
purified from the serum-free, conditioned medium with a protein-A Affigel affinity 
column (Bio-Rad, Hercules, CA). Further gel-filtration chromatography was used, 
when necessary. The protein purity was assessed by SDS-PAGE and Western 
blot. 
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2.2.2 AFM sample preparation and surface chemistry 
The surface modification of AFM cantilever tips and glass substrates 
(Figure 2.1) was described previously with slightly modification (Wieland et al., 
2005). AFM Tips (Si3N4 V-shaped, MLCT from Veeco Probes, CA) and 
substrates (glass microscope slides from Fisher or Corning, cut into ~14x10 mm) 
were washed by placing them in chloroform for 10 min. Dry them with N2 and 
place in a piranha solution (70:30 (v/v) mixture of concentrated H2SO4 and 30% 
H2O2 ) for 30 min. Then wash tips and substrates with Milli-Q water thoroughly 
and dry with N2. The gold deposition involves two steps: first a chromium layer of 
~30Å at a rate of ~0.1 Å/s, and then a gold layer of ~600 Å at a rate of ~1.0 Å/s.  
 
 
Figure 2.1: Schematic of cadherin ectodomains immobilized on the modified 
cantilever tip and glass slide. The self-assembled monolayer (SAM) was formed 
on the thin gold films, and activated with the MAL-PEG3400-NHS linker. The 
NHS moiety covalently bound cadherins via free amines. Details of the cantilever 
and glass slide modification and cadherin immobilization procedures are given in 
the text.  
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A monolayer of 1,8-octanedithiol (Sigma-Aldrich, MO) and 6-mercapto-1-
hexanol (Sigma-Aldrich, MO) was then self-assembled onto the gold films by 
incubating the samples in a mixture (10 mM ) of these two for overnight. 
Changing the ratio of the two compounds changed the protein density on the 
surfaces. The monolayers were then activated with poly(ethylene glycol) -α-
maleimide, ω-N-hydroxyl- succinimide ester (NHS-PEG-MAL-3400Da, Nektar 
Therapeutics, Huntsville, AL). The maleimide group (MAL) reacts with exposed 
thiols on the 1,8-octanedithiol monolayer, and the exposed NHS group covalently 
binds free amines on proteins.  
A small Teflon fluidic cell was designed for the AFM, in order to 
accommodate the sample and to enable it to be rinsed through two ports on the 
sides of the cell. Before incubating the tip and sample with protein solution, the 
glass slide was glued to the cell with epoxy. The sample was then mounted onto 
the AFM stage, and incubated with protein solution (0.3 μM cadherin in PBS) for 
1hr at room temperature. The cantilever was placed in the AFM cantilever holder 
and immersed in protein solution. The working buffer contained 100 mM Tris (pH 
7.5), 50 mM NaCl, and 2 mM CaCl2 (Fisher Scientific). Prior to force 
measurements, the cell was flushed several times with calcium free buffer to 
remove non-covalently bound cadherin.  
2.2.3 Force measurements 
The bond rupture forces were measured with the Molecular Force Probe 
(MFP) 1-D (Asylum Research, Santa Barbara, CA) using Igor Pro software 
(WaveMetrics, OR) for data acquisition and piezo control. The optical lever 
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sensitivity (LVDT) was calibrated by pressing the tip against a hard surface to 
give the tip deflection in nanometers. The spring constant kc of the gold-coated 
cantilevers was calibrated using the thermal method (Hutter and Bechhoefer, 
1993), and typical values were 10-25 pN/nm. The force was calculated with 
Hook’s law.  
During the experiment, the fluidic cell was glued to a glass slide and 
attached to the MFP stage by two magnets to stabilize the sample. A user panel 
with feedback control was written to drive the piezo in both the steady ramp and 
constant force modes (Figure 2.2). The impingement forces were kept at ~30 pN 
to reduce nonspecific adhesion between the surface and cantilever tip. Force 
measurements were conducted in two ways (Figure 2.2). First, we used a steady 
force ramp, where the cantilever was brought to contact with the surface and 
then retracted at a constant velocity (Figure 2.2A). Three to four thousand force 
curves were recorded at each loading rate. The binding frequency was adjusted 
to 10-30%, by controlling the cadherin density on the tip and substrate. In other 
words, less than 30 out of 100 touches to the surface generated an adhesion 
event. This increases the likelihood that most of the binding events were from 
single bonds. Force curves were analyzed with a custom written program. For 
each force extension profile displaying a single rupture event (Figure 2.2A, 
middle curve), the rupture force and the effective loading rate were both 
determined. The “effective loading rate” is the actual loading rate on the bond, 
determined from the elastic stretch region of the flexible PEG tethers. The slope 
of the latter curve just prior to bond rupture determines the effective spring 
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constant keff. Thus, the effective loading rate at rupture is keffv where v is the 
cantilever velocity. This differs from the “nominal loading rate”, which is ksv where 
ks is the cantilever spring constant. These analyses included only the force 
curves in which the relative standard deviation (standard deviation divided by the 
mean) of the loading rates was less than 20%. Histograms were then constructed 
of the rupture forces measured at each loading rate.  
 
Figure 2.2: Force-time traces of AFM profiles obtained with (A) the steady ramp 
mode and (B) the constant force mode. In (A), the first curve shows a typical 
force trace in control measurements in which there is no adhesion. The arrow 
indicates initial tip-surface contact, and the asterisk (*) indicates bond rupture. 
The middle curve shows a single bond rupture event and the lower curve shows 
multiple-bond rupture. In (B), the force rapidly jumps to a preset value, which is 
held until the bond fails (asterisk). The duration of the flat, constant force region 
is the lifetime. The upper trace exhibits a single-bond rupture event, and the 
lower curve shows a rare case with the sequential rupture of two bonds.  
 33
The second type of measurement determined the bond lifetimes using the 
constant force mode. In this case, the force is stepped to a preset value and then 
maintained until the bond fails (Figure 2.2B) (Bayas et al., 2006; Marshall et al., 
2003). The persistence time of the bond gives the lifetime under a set force 
(Figure 2.2B).  
To insure that the results were independent of the immobilization, 
cadherins were bound to the tip and to the substrate in different measurements. 
Results obtained with N-cadherin on the tip and E-cadherin on the substrate, for 
example were identical to data obtained with E-cadherin on the tip and N-
cadherin on the substrate. 
2.2.4 Data analysis 
According to Kramer and Bell’s model (Bell, 1978), the bond dissociation 
rate increases exponentially with an applied force (Equation 1.4 of Chapter 1). 
When the force increases linearly with time, the rupture force distribution p(f) at 
loading rate rF is as described by equation 1.9 (Evans and Ritchie, 1997). The 
most probable force (MPF), defined by the maximum in the force distribution, is 
ln( ) ln( )mp F offf f r f k f        (Equation 1.10). For a bond confined by a single 
barrier, the MPF increases linearly with the logarithm of the loading rate. The 
thermal force fβ and dissociation rate koff are obtained from MPF vs Log (rF) plots.  
In the lifetime measurements, when the force f is constant, the bond 
survival probability P(t) is (Bayas et al., 2006; Perret et al., 2004), 
 (Equation 1.6). Here A is the probability amplitude, and kfoff ( ) exp( )foffP t A k t   
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is the dissociation rate of the bond subject to a constant force. For N bound 
states each with a dissociation rate ki, P(t) would be described by a sum of N 
exponentials. Fits of equation 1.6 (or a superposition of exponentials) to plots of 
the survival probability versus time at a constant force fi give the number of 
bound states with rupture forces greater than fi and the dissociation rates. The 
dissociation rates are related to the lifetimes ti by ti = 1/ki.  
2.3 Results 
Homophilic cadherin bonds exhibit similar strengths and dissociation rates 
We measured homophilic binding between the Fc-tagged extracellular 
domains 1-5 of three classical cadherins: namely, chicken N-cadherin (NEC1-5), 
Xenopus C-cadherin (CEC1-5), and canine E-cadherin (EEC1-5). Figure 2.3 
summarizes the results of measurements with N-cadherin. Rupture forces were 
measured at nine different loading rates, ranging from 10 to 104 pN/s. Figure 
2.3A shows the force histogram measured at the constant, effective loading rate 
of 1460 ± 220 pN/s1. The bin size for the histogram in Figure 2.3A is 4-6 pN, but 
this depends on the loading rate (Figure 2.3). The bin size h is estimated by 
minimizing the integral of the mean square errors (MSE) (Scott, 1992), and is 
approximated to be , where σ is the standard deviation of the 
distribution and n is the total number of data points (n~400, in these studies).   
1/33.5h    n
                                                
Visual inspection of the histograms suggests that there are two principal 
peaks, which both shift to higher forces with increasing loading rate (Figure 2.3B). 
To first approximation, the data can be described by a two-state probability 
 
1 Force histograms of cadherin interactions at other pulling rates were included in Appendix D.1. 
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distribution, which assumes a weak and a strong bond. The maxima correspond 
to the most probable rupture force (MPF) for each bond. For each peak, plots of 
the MPF versus Log(rF), where rF is the steady loading rate, are linear (Figure 
2.3B). The error in the MPF determination was estimated from the variation of the 
determined value of the MPF that results from changing the start point of the 
histogram. 
 
 
Figure 2.3: Adhesion measurements between N-cadherin ectodomains (NEC1-
5). (A) Histogram of the rupture force distribution measured at rF = 1460 ± 220 
pN/s. The two sub-states in the high force peak (>40 pN) were obtained from the 
lifetime measurements. (B) The force spectra (Most Probable Force (MPF) vs. 
Log (rF) plots) of NEC1-5 bonds associated with the major peaks in (A), and the 
linear fits (solid lines). The best-fit parameters are fβ = 5.2 ± 0.5 pN and koff=5 ± 3 
x 10-4 s-1 for the strong state. fβ=4.8 ± 0.3 pN, koff=0.2 ± 0.1 s-1 for the weak state. 
These parameters are summarized in Table 2.1. 
 
To determine whether the broad distribution of rupture events at >40 pN 
are due to multiple, parallel tip-surface bonds rather than a single tip-surface 
linkage, we used a previously described approach (Marshall et al., 2003). If the 
force is shared between N bonds, each bond experiences a force f/N, and the 
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bonds fail randomly. In this case, the force distribution (Equation 1.9) is 
approximated, by replacing koff and fβ of the single bond by Nkoff and Nfβ 
respectively (Marshall et al., 2003; Perret et al., 2004). We used the bond 
parameters obtained for the low force peak, to calculate probability distributions 
for N, parallel, weak bonds, where N = 2, 3, or 4. The thus calculated probability 
distributions did not fit the second peak. This supports the conclusion that the two 
peaks in the distribution are due to independent, homophilic NEC1-5 bonds. 
Similar results were obtained with the other classical cadherins used in this study. 
In Figure 2.3B, the linear least squares fit of Equation 3 to the MPF versus Log(rF) 
curves gave slopes of 12 ± 1 and 11.0 ± 0.7 pN, for the high and low force peaks, 
respectively. This corresponds to 0.8 ± 0.08 nm and 0.85 ± 0.05 nm for the 
respective values of xβ. The intrinsic dissociation rates, determined from the 
intercepts at MPF=0 are 5 ± 3 x 10-4 s-1 and 0.2 ± 0.1 s-1 for the strong and weak 
bond, respectively. Fitted parameters obtained for the homophilic interactions 
between all three classical cadherins are summarized in Table 2.1.   
The use of EDTA in control measurements essentially abolished binding, 
and reduced the binding frequency (# adhesion events/# tip-surface contacts) to 
< 2-3%, compared to 15-20% obtained with active protein. Further, the forces 
were low and randomly distributed. The impingement force was kept < 30 pN in 
all measurements, in order to minimize nonspecific binding.  
In a prior report of cadherin bond rupture with the biomembrane force 
probe (BFP), the major peaks masked “hidden states”. Both complicated force-
time sequences and bond lifetime measurements demonstrated this (Bayas et al., 
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2006; Perret et al., 2004). Here, we used the force clamp (lifetime) 
measurements to determine whether the peaks in Figure 2.3B similarly contain 
hidden states.  
 
  Strong bond Weak bond 
  koff (s-1) fβ (pN) koff (s-1) fβ (pN) 
CEC1-5/CEC1-5 3 ± 2 x10-5 4.3 ± 0.4 0.03 ± 0.02 3 ± 0.3 
4 ± 1 x10-5 4.0 ± 0.2 0.2 ± 0.1 4.5 ± 0.4 EEC1-5/EEC1-5 
  2 ± 1 8 ± 0.7 
NEC1-5/NEC1-5 5 ± 3 x10-4 5.2 ± 0.5 0.2 ± 0.1 4.8 ± 0.3 
CEC1-5/EEC1-5 9 ± 6 x10-5 4.3 ± 0.5 0.01 ± 0.005 3 ± 0.4 
EEC1-5/NEC1-5 4 ± 1 x10-4 4.6 ± 0.2 2.5 ± 0.9 8 ± 0.4 
CEC1-5/NEC1-5 9 ± 8 x10-3 6.3 ± 0.7 0.09 ± 0.06 4.3 ± 0.4 
Table 2.1: Dissociation rates and thermal forces of the cadherin bonds 
determined from linear fits to the force spectra.  
 
After initial contact, the force on the bond was stepped to a low force, e.g. 
40 ± 1 pN at a rate of 1200 ± 180 pN/s, and then held until the bond failed. The 
persistence time of the bond under constant force is the lifetime. From the 
measured lifetimes, we then constructed the survival probability curve in Figure 
2.4. Importantly, the 40 pN holding force was sufficient to completely eliminate 
the low force peak, so that the lifetime data only reflect bonds that rupture at 
forces > 40 pN.  
Fitting to equation 1.6 (or a superposition of exponentials) showed that the 
survival probability curve is best described by the sum of two exponentials. The 
high force peak therefore comprises two bound states, as reported for CEC1-5 
and mouse EEC1-5 (Bayas et al., 2006; Perret et al., 2004). An F-test (Beck, 
1977; Hukkanen et al., 2005) confirmed that a two-exponential function describes 
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the data better than a single exponential. The parameters characterizing these 
sub-states were determined from plots of the dissociation rate as a function of 
the holding force. In contrast to the more sensitive BFP measurements, lifetime 
measurements of the peak at lower rupture forces were not possible, due to the 
difficulty of reproducibly stepping the force to < 30 pN. However, based on the 
similar analysis of the high force peaks measured with the BFP and AFM, we 
assume that the low force peak similarly comprises two sub states.  
 
 
Figure 2.4: Survival probability versus lifetime of a homophilic NEC1-5 bond 
subject to a constant, applied force of 40 ± 1.2 pN. The data were fit to a 
superposition of two exponential functions, indicating that two sub-states 
contribute to the peak at >40 pN.   
 
In prior measurements of EEC1-5 and CEC1-5, the same principal 
adhesive states determine the peak maxima at each loading rate. We 
demonstrated this, by fitting the data to the cumulative distribution function over a 
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range of loading rates. These fits showed that the same prominent bound state 
dominates the second peak in the histograms at all loading rates. The same sub-
state also presumably dominates the low force peak at all loading rates. 
Subsequent analyses therefore focused on the maxima of the two major peaks, 
and their variation with loading rate, the identity (e.g. EEC1-5), and the type of 
(homophilic vs. heterophilic) cadherin interaction.   
The force spectra of canine EEC1-5 differed slightly from those of NEC1-5 
and CEC1-5 (Figure 2.5). Figure 2.5A shows the force histogram measured at 
2075 ± 250 pN/s, and Figure 2.5B shows the plot of the MPF versus Log(rF) for 
the two peaks. In contrast to NEC1-5, the MPF for the lower force peak did not 
increase linearly with Log(rF). Panorchan reported similar behavior in AFM 
measurements between recombinant canine E-cadherin ectodomains and cells 
expressing WT E-cadherin. This could be due to two energy barriers in the 
unbinding trajectory (Evans and Ritchie, 1997; Merkel et al., 1999). An alternative 
analysis predicts this force signature for bonds confined by a single barrier and a 
cup-like potential (Hummer and Szabo, 2003). 
Alternatively, this could be due to a rate-dependent shift in the populations 
of two states contributing to the low force peak. Assuming two barriers in the 
unbinding trajectory (Evans and Ritchie, 1997; Merkel et al., 1999), one obtains 
the linear fits to the two branches shown in Figure 2.5B. The two branches in the 
force spectrum for the lower force peak appear to be similar. However, a t-test 
(student-test) shows that the difference in the two slopes is statistically significant 
(p<0.01). The best fit bond parameters are given in Table 2.1. 
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 Figure 2.5: Adhesion measurements between EEC1-5. (A) Histogram of the 
rupture forces measured at the steady loading rate of 2075 ± 250 pN/s. (B) Plot 
of the most probable force (MPF) vs Log (rF) and linear fits to the data (solid 
lines). The best fit parameters from the force spectra are fβ=4.0 ± 0.2 pN and 
koff=4 ± 1 x 10-5 s-1 for the strong state. The fits to two branches of low force peak, 
assuming two energy barriers in the unbinding trajectory, give fβ=4.5 ± 0.4 pN 
and koff=0.2 ± 0.1s-1 for the shallow branch, and fβ=8 ± 0.7 pN, koff=2 ± 1 s-1 for 
the steepest branch. The best-fit parameters are summarized in Table 2.1. 
 
Figure 2.6 summarizes the force spectra of the homophilic bonds 
measured with all three classical cadherin ectodomains. The fitted parameters fβ 
and koff are summarized in Table 2.1. All three interactions exhibited two principal 
peaks over the loading rates used. Importantly, the homophilic bonds of all three 
cadherin subtypes exhibit very similar tensile strengths and force spectra. The 
only major difference appears to be the nonlinearity of the force spectrum of the 
low force EEC1-5 peak. Differences in the slopes also affect the determined 
dissociation rates.  
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Figure 2.6: Summary of force spectra for the homophilic cadherin interactions 
and linear fits to the data. All three homophilic interactions exhibited two principal 
peaks over the loading rates examined. The best fit parameters (fβ and koff) for 
each of the cadherin bonds are summarized in Table 2.1.   
 
Heterophilic and homophilic cadherin bonds are similar 
Heterophilic binding between the three different cadherins was measured 
as described above. Figures 2.7A-C show representative histograms of the 
rupture forces obtained for the three, heterophilic cadherin interactions: namely 
EEC1-5/NEC1-5; CEC1-5/EEC1-5, and CEC1-5/NEC1-5.  
Similar to the homophilic bonds, the heterophilic interactions also exhibit 
two principal peaks. In each case, the cadherins exhibit distinct weak bonds 
rupturing at < 40 pN and strong bonds that rupture between 45 and 75pN, 
depending on the loading rate. The solid lines in the figures are the estimated 
force distributions. The MPFs of each peak are plotted against the loading rates. 
Figure 2.7D summarizes the force spectra for all heterophilic interactions 
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measured between these different cadherins. In contrast to the force spectrum of 
the homophilic EEC1-5 bonds, the MPF’s for heterophilic bonds are all linear 
functions of Log(rF). The corresponding bond parameters are summarized in 
Table 2.1. 
 
 
Figure 2.7: Summary of heterophilic cadherin interactions. Histograms of the 
rupture forces measured between (A) CEC1-5 and EEC1-5 (1080 ± 120 pN/s), (B) 
EEC1-5 and NEC1-5 (1270 ± 150 pN/s), and (C) NEC1-5 and CEC1-5 (3070 ± 
500 pN/s). (D) Summary of force spectra of the strong and weak heterophilic 
bonds together with linear fits to the curves. The best-fit parameters for each of 
the bound states are summarized in Table 2.1.   
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Time evolution of the population distribution 
There are two principle differences between the cadherin rupture forces 
reported here and the rupture forces between soluble, recombinant ectodomains 
and live cells reported previously (Panorchan et al., 2006). First, the latter study 
suggested that canine E-cadherin only forms a single bound state, in contrast to 
these and previous measurements (Bayas et al., 2006; Perret et al., 2004). 
Second, Panorchan et al. reported no heterophilic binding between canine E-
cadherin and human N-cadherin, whereas the soluble, recombinant ectodomains 
of all three cadherin subtypes investigated here cross-react (Panorchan et al., 
2006).  
To test whether these apparent differences are related to cadherin binding 
kinetics, we investigated the relative population distributions as a function of the 
tip-surface contact time. Perret et al. (Perret et al., 2004) showed that the relative 
population of weak versus strong bonds changed with the contact time. The AFM 
measurements with cells used fast tip cycling rates to reduce nonspecific binding 
(Panorchan et al., 2006). Under these conditions, the resulting tip-surface contact 
time could be too short to populate the stronger bound state. 
To test this, we varied the tip-surface contact time from 0.04 sec to 0.4 
sec and quantified the relative population of weak bonds as a function of the 
contact time. Figures 2.8A-C show the shifts in the amplitudes of the two peaks 
with increasing effective contact times. To compare with the earlier study 
(Panorchan et al., 2006), we similarly focused on both homophilic EEC1-5 and 
heterophilic EEC1-5/NEC1-5 bonds. The relative population of weak bonds 
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decreases with time, with a corresponding increase in the relative population of 
stronger bonds. This behavior is similar for both homophilic EEC1-5 and 
heterophilic EEC1-5/NEC1-5 bonds. Figure 2.8D summarizes the quantitative 
changes in the percentage of weak bonds with contact time, for both EEC1-
5/EEC1-5 and EEC1-5/NEC1-5 bonds. These results indicate that faster cycling 
rates could therefore bias the measurements towards the weaker bonds with 
faster kinetics. 
 
Figure 2.8: Shift in the relative populations of weak and strong bonds with the 
tip-surface contact time. (A-C) The force histograms and fitted distributions 
change with the contact time for homophilic EEC1-5 bonds. Distributions were 
plotted with fβ=4.6 pN and koff=4 x 10-4 s-1 for strong state, and fβ=8 pN and koff = 
2.5 s-1 for weak state. The rupture forces of EEC1-5/NEC1-5 and EEC1-5/EEC1-
5 bonds were measured at rF = 1250 ± 165 pN/s. (D) The percentage of weak 
bonds versus tip-surface contact time for homophilic EEC1-5 bonds and 
heterophilic EEC1-5/NEC1-5 bonds. As the contact time increases, the relative 
percentage of weak bonds decreases.   
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Cadherin binding specificity is thought to be a primary factor driving cell 
sorting. The findings described above show that the cadherins all cross adhere. 
Comparisons of the intrinsic bond parameters against cell sorting outcomes were 
used to identify which, if any, cadherin bond parameters correlate with cell 
segregation. In both short-term cell aggregation cultures and in long-term 
hanging drop cultures, E-CHO and N-CHO cells intermix, as do the E-CHO and 
C-CHO. E-CHO/C-CHO cell mixtures with the higher protein expression levels 
(~30/μm2) formed slightly more homo-aggregates. By contrast, C-CHO and N-
CHO segregated, regardless of the cadherin expression level. The results 
obtained with the long-term aggregation cultures were similar.  
2.4 Discussion  
Cadherin ectodomains cross react  
At the single molecule level, classical cadherins form both homophilic and 
heterophilic bonds. This demonstrated cross-reactivity (Figure 2.7) agrees with 
prior findings. Surface force measurements also showed that these same 
cadherins cross-react, and the adhesion energies were not generally higher for 
homophilic bonds (Prakasam et al., 2006b). In flow assays, cells expressing 
Xenopus C-cadherin, human E-cadherin, or human N-cadherin bound equally 
well to substrata coated with recombinant, human E-cadherin ectodomains 
(Niessen and Gumbiner, 2002). In long-term aggregation cultures, cells 
expressing different cadherin subtypes also intermix (Duguay et al., 2003). Taken 
together, these results, which are based on measurements with different 
cadherins and with different experimental approaches, show that classical 
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cadherins cross-react. Furthermore, homophilic bonds are not generally 
kinetically or thermodynamically favored over heterophilic interactions. 
Cadherin exhibit multiple bound states that dynamically interconvert with time  
The two peaks in the force histograms support the multi-state cadherin 
binding mechanism identified with the Biomembrane Force Probe (BFP) (Bayas 
et al., 2006; Perret et al., 2004), Surface Force Apparatus (Prakasam et al., 
2006b; Sivasankar et al., 1999; Sivasankar et al., 2001; Zhu et al., 2003), and 
more recent adhesion measurements between single cells (Chien et al., 2008). 
Here, we confirmed that the high force peak comprises two states, as 
demonstrated previously with the BFP (Bayas et al., 2006; Perret et al., 2004). By 
analogy with the prior studies, the low force peak also likely comprises two 
adhesive states. However, for the sake of comparisons between different 
cadherins, this study focused on differences in the most prominent states, which 
determine the two maxima in the histograms. 
AFM measurements lack spatial information, so it is not possible to 
directly map the weak and strong bonds to domains, as in SFA experiments (Zhu 
et al., 2003). It is also not possible to distinguish between cis and trans bonds. 
However, three independent measurements mapped the fast, initial weak binding 
to EC12 (Chien et al., 2008; Perret et al., 2004; Zhu et al., 2003), and 
demonstrated that the full ectodomain, and EC3 in particular, is required for the 
subsequent transition to a second binding state (Chien et al., 2008).  The 
dissociation rate of the weak bond (low force peak) compares quantitatively with 
fast, weak EC12-mediated binding (Chien et al., 2008). The dissociation rates 
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determined for the high force peaks in this study also compare quantitatively to 
one of the strong bonds measured with mouse EEC1-5 and with Xenopus CEC1-
5 (Bayas et al., 2006; Perret et al., 2004). Based on the qualitative and 
quantitative parallels with prior studies, we attribute the weak (low force) bond to 
EC12, and the strong (high force) bond to other EC domains in the full 
ectodomain (Zhu et al., 2003).  
Previous findings demonstrated that cadherins rapidly associate via EC1 
domains, and then transition to a second state, which requires EC3 (Bayas et al., 
2006; Perret et al., 2004). In this study, the relative population of strong bonds 
increases with contact time, as reported for mouse EEC1-5 (Perret et al., 2004). 
There are also clear parallels between the transition documented here and the 
two-stage binding kinetics reported for cadherin-mediated cell adhesion (Chien et 
al., 2008). Based on the similarities in the kinetics of single bond and cell 
adhesion measurements, we speculate that these time-dependent transitions are 
due to the identical or closely coupled processes.  
Correlating cadherin bond parameters with cell segregation outcomes 
The tensile strengths and the force spectra of both homophilic and 
heterophilic cadherin bonds are qualitatively similar (Figures 2.6-7). There are 
qualitative differences, but quantitative comparisons of the parameters 
determined from the plots are more informative. The dissociation rates of the 
strong, heterophilic bonds are faster than those of the corresponding homophilic 
bonds. The faster rates correlated with larger thermal forces, but differences in fβ 
are modest. There are, however, no similar trends in the dissociation rates or 
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thermal force scales fβ of the weak EC1-dependent bonds. Additionally, the force 
spectrum for the weak E-cadherin bond is not linear with Log(rF) over the entire 
range of loading rates. None of these features, however, correlate with cell-
sorting behavior. 
We compared the biophysical properties of cadherin bonds with outcomes 
from two different cell-sorting assays. In both short-term and long-term cell 
aggregation cultures, only Xenopus C- and chicken N-cadherin expressing cells 
sorted out. At the same time, E- and C-CHO as well as E- and N-CHO formed 
mixed aggregates. Prakasam et al. (Prakasam et al., 2006b) compared the near-
equilibrium adhesion energies measured with these same cadherins with cell 
sorting outcomes reported previously (Niessen and Gumbiner, 2002). In the latter 
comparison, the species origins of the E- and N-cadherins studied with the SFA 
differed from those in the cell-sorting studies. By contrast, the present study used 
the same, three classical cadherins in both the biophysical measurements and 
sorting assays. The cadherin expression levels on the CHO cells were also 
controlled.  
Table 2.2 summarizes qualitative trends in the adhesion energies 
(Prakasam et al., 2006b) and dissociation rates (Table 2.1). One can draw a few 
conclusions from these findings.  First, cell sorting in vitro is not determined by 
either weaker homophilic versus heterophilic adhesion energies or by faster 
heterophilic bond dissociation rates. Interestingly the dissociation rate of the 
strong, heterophilic CEC1-5/NEC1-5 bond was at least one order of magnitude 
faster than any of other strong, cadherin bonds, while only C-CHO/N-CHO sorted 
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out. However, the bond properties of other two heterophilic cadherin pairs did not 
correlate with cell sorting results. There was similarly no correlation between cell 
sorting outcomes and the relative dissociation kinetics of the weak EC1 bonds.  
Equilibrium models of cell sorting based on differences in adhesion and/or 
Gibbs free energies of the protein bonds (Chen et al., 2005; Steinberg, 1963) 
predict demixing when the interfacial tension between dissimilar liquids/cells is 
intermediate between the surface tensions of the pure (homophilic) materials—
that is, when Wab < ½ (Waa + Wbb), where W is the adhesion energy. Based on 
this argument, the normalized adhesion energies for the strongest cadherin 
bonds measured with the SFA (Prakasam et al., 2006b) predict that only E-CHO 
and C-CHO would sort out. Alternatively, based on the adhesion energies of the 
weak cadherin bonds, the model predicts that E-CHO and C-CHO would 
segregate, but N-CHO would intermix with both E- and C-CHO. These 
predictions differ from the experimental results. 
Previous studies correlated cell sorting with intercellular adhesion 
energies (intercellular tension) that were determined indirectly (Foty and 
Steinberg, 2005). However, in cell aggregates, several factors could augment or 
mask subtle differences in the biophysical properties of cadherin ectodomains. In 
addition to cell surface densities, cortical tension may influence the overall 
intercellular tension (Krieg et al., 2008). Recombinant ectodomains could differ 
from cadherin at the cell surface. This is not likely, however. Within the first 40s of 
cell-cell contact, recombinant and wild type cadherins behave similarly (Chien et 
al., 2008). Similarities between the canine EEC1-5 bonds reported here and 
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those measured between the recombinant ectodomain and cell surface E-
cadherin also argue against this possibility (Panorchan et al., 2006).  
One might question whether the lack of correlation between cadherin 
bond properties and cell sorting depends on the species origin of the cadherin. 
The source of the cadherin is relevant, but only in the context of detailed 
structure (sequence) differences and their impact on bond chemistry and 
consequent biophysical properties.  This study addressed whether the 
biophysical properties of the bonds, which are related to structure, dictate cell 
sorting. The conclusion is based on thermodynamic and kinetic correlations. 
Because these parameters are only indirectly related to the species of origin, the 
absence of an obvious correlation between sorting and either bond energy or 
kinetics is also independent of the cadherin source. 
These findings instead suggest that other factors have a greater impact on 
the intercellular interactions underlying cell sorting. Segregation models assume 
uniform cadherin distributions and uniform cadherin properties over the cell 
population in the aggregate. Cadherin oligomerization could alter activity (Yap et 
al., 1998). Outside-in/inside-out signaling may generate differences in cadherin-
mediated adhesion (Gumbiner, 1996; Gumbiner, 2005; Leckband and Prakasam, 
2006). Differences in intracellular signaling by different cadherin subtypes could 
further influence cell adhesion and motility. Addressing these other possible 
contributions is beyond the scope of this work. Importantly, however, the ability to 
quantify cadherin bond parameters at the protein level and to compare them with 
sorting outcomes enabled us to rigorously evaluate the hypothesis that 
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differential binding between cadherin ectodomains is sufficient to drive cell 
sorting. 
In summary, these AFM measurements demonstrate that cadherin 
subtypes cross react. They also extend prior surface force measurements of 
canine EEC1-5, chicken NEC1-5, and Xenopus CEC1-5, by quantifying the 
single bond strengths, thermal force scales (fβ), and dissociation rates. The 
mechanical and kinetic properties of the heterophilic bonds do not differ 
substantially from homophilic bonds. This supports the accumulating evidence 
that cadherins exhibit only modest binding specificity. Further comparison of 
these results with two different cell sorting assays, which are thought to mimic in 
vivo cell sorting, shows that biophysical differences between cadherins do not 
account for segregation outcomes. These findings suggest that cell sorting in 
vivo and in vitro is likely governed by several factors, which may include, but are 
not determined solely by subtle variations in cadherin adhesion. 
Table 2.2: Relative dissociation rates and adhesion energies for homophilic (Hom) 
versus heterophilic (Het) cadherin bonds. Cases in which the heterophilic bond 
parameter is intermediate between the corresponding homophilic interactions are 
designated “Intermed”. * p-value from t-test.  
Strong bond Weak bond 
  
  
Cell 
sortinga Dissociation 
ratesa 
Adhesion 
energiesb 
Dissociation 
ratesa 
Adhesion 
energiesb 
Intermix Het ≥ Hom Het < Hom Het < Hom Het ≤ HomCEC1-5 
/EEC1-5  p=0.5*   p=0.35 
Intermix Intermed. Het > Hom Het > Hom Intermed. EEC1-5 
/NEC1-5      
Sort Het > Hom Intermed. Intermed. Intermed. CEC1-5 
/NEC1-5  p=0.04    
a. This work. b. Data from Prakasam et al. (Prakasam et al., 2006b). 
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Chapter 3  
Allosteric Coupling in Classical Cadherin 
Extracellular Domains 
 
3.1 Introduction 
Cadherins are a superfamily of calcium-dependent cell surface proteins. 
The subfamily of classical cadherins constitutes the principal proteins mediating 
intercellular adhesion, and is the most extensively studied members of the 
cadherin superfamily. Type I classic cadherins are Ca2+-dependent adhesion 
proteins that are expressed in almost all solid tissues (Takeichi, 1995). They are 
required for morphogenesis and the organized regulation of mature tissues 
(Gumbiner, 2005), and cadherin dysfunction is linked to tumor malignancy 
(Cavallaro and Christofori, 2004).  
Classic cadherins comprise an extracellular domain that folds into five 
structurally homologous beta barrel domains, a transmembrane segment, and a 
cytoplasmic domain. The significant homology among classic cadherins and type 
I classic cadherins, in particular, implies that determining the basic molecular 
mechanism of cadherin adhesion and its regulation would contribute to the 
understanding of a range of critical biological processes such as cell sorting 
during morphogenesis or the regulated permeability of the vascular endothelium 
(Gumbiner, 2005). 
Crystal structures and mutagenesis studies (Kitagawa et al., 2000; 
Tamura et al., 1998) support a model in which the Trp2 on the EC1 domain docks 
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in a conserved hydrophobic pocket of the same molecule or an opposing 
cadherin (Haussinger et al., 2004; Pertz et al., 1999). The hypothesis that the 
mutual exchange of Trp2 between opposing cadherins mediates adhesion is 
supported by immunoprecipitation (Chitaev and Troyanovsky, 1998; Shan et al., 
2000), cross-linking (Harrison et al., 2005; Kitagawa et al., 2000; Troyanovsky et 
al., 2003), electron microscopy (Pertz et al., 1999), NMR (Haussinger et al., 2004) 
and X-ray crystallographic (Boggon et al., 2002; Koch et al., 2004) data.   
In addition to adhesive bonds between opposing cells, cadherins are 
postulated to form lateral dimers on the cell surface (Ozawa, 2002; Yap et al., 
1997b), but the binding interfaces have not been identified.  Also, W2A mutants 
have residual binding activity as demonstrated in bead aggregation assays 
(Harrison et al., 2005; Prakasam et al., 2006a) and biophysical measurements 
(Prakasam et al., 2006a). They also concentrate at cell-cell contacts (Kitagawa et 
al., 2000; Tamura et al., 1998). Biophysical studies by several laboratories 
(Bayas et al., 2006; Chappuis-Flament et al., 2001; Chien et al., 2008; Perret et 
al., 2004; Sivasankar et al., 2001; Tsukasaki et al., 2007; Zhu et al., 2003) 
identified multiple bound states and mapped some of these binding interactions 
to domains other than EC1. Cadherin mediated cell binding kinetics also exhibit a 
two-stage binding mechanism that requires both EC1 and EC3 (Chien et al., 
2008). These results argue for cadherin interactions that utilize domains other 
than EC1. 
Recent findings also suggest that allosteric cross-talk between domains 
regulates cadherin adhesion. Specifically, point mutations in calcium binding 
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sites distal to EC1 at the EC1/EC2 and EC2/EC3 junctions nearly abolish 
adhesion (Ozawa et al., 1990; Prakasam et al., 2006a). Allostery is often 
implicated in the regulation of protein functions (Goodey and Benkovic, 2008; 
Swain and Gierasch, 2006).  Allosteric regulation is the modulation of protein 
structure or function at one site by effector binding at a second site (Swain and 
Gierasch, 2006). The mechano-chemical transduction of adhesive interactions is 
an example of allostery (May et al., 2007). Cell adhesion molecules sense 
external stimuli (adhesion) and transduce the information to the cytoplasm 
(Liddington and Bankston, 2000), as exemplified by integrins (Hynes, 2002). 
Although the extra-cellular regions of classic cadherins are relatively rigid, recent 
findings suggest long-range allosteric communication between cadherin EC 
domains (Harrison et al., 2005; Prakasam et al., 2006a; Tsuiji et al., 2007). 
Molecular dynamics simulations (Sotomayor and Schulten, 2008) also indicate 
that calcium binding at the EC1/EC2 junction affects the extent of Trp2 burial in 
the hydrophobic pocket. However, how this interdomain cross-talk impinges on 
cadherin function has not been determined. Addressing this knowledge gap 
necessitates the use of quantitative approaches that can determine both the 
contributions of Trp2 and extra-cellular domains in cadherin function. 
This chapter describes single molecule force measurements with the W2A 
point mutant and with domain deletion mutants of Xenopus cleavage stage C-
cadherin. The work complements the surface force measurements, which are 
described in thesis by V. Maruthamuthu (Maruthamuthu, Ph.D thesis, 2009). 
These measurements detected multiple binding interactions that require different 
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structural domains, and determined the impact of the W2A mutation on both 
EC1/EC1 binding and the adhesive function of other bonds that require different 
domains. The results document cross-talk between extracellular domains and 
provide quantitative evidence for allosteric interactions between the Trp2 binding 
pocket and distal, functional domains. These results suggest a more 
comprehensive binding mechanism in which N-terminal domains both mediate 
adhesion and modulate other functional cadherin interactions2. 
3.2 Materials and methods 
3.2.1 Protein purification 
The Fc-tagged cleavage stage C-cadherin extracellular (EC) fragments 
(CEC1-5-Fc,  CEC12-Fc, CEC1-3-Fc, CEC1-4-Fc, CEC345-Fc, CEC1245-Fc) 
and the hexahistidine tagged Trp2 mutant (W2A) were produced by stably 
transfected CHO cells and purified as described previously (Chappuis-Flament et 
al., 2001; Zhu et al., 2003). Briefly, cells expressing the Xenopus C-cadherin 
ectodomain and mutants were cultured in Glasgow modified Eagle’s medium 
(MEM) supplemented with 10% dialyzed fetal bovine serum (FBS). Cadherins 
were initially purified from the conditioned medium with a protein-A affinity 
column (Bio-Rad). Gel-filtration chromatography was used for further purification 
and the protein purity was assessed by SDS-PAGE. 
                                                 
2 The work is part of the manuscript that includes both SFA and AFM measurements. The AFM 
results described in this chapter include the data measured by Fang Li (who measured W2A/W2A, 
W2A/CEC12, W2A/CEC1-5 interactions. F. Li, Ph.D thesis, 2007, Chapter 4) and Venkat 
Maruthamuthu (who measured the interactions of W2A/CEC345 and W2A/W2A with soluble 
tryptophan added, V. Maruthamuthu, Ph.D thesis, 2009, Chapter 2). These data were included 
here in order to provide complete evidence.  
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3.2.2 Statistical analysis of complex force histograms 
The surface modification of AFM tips and glass substrates was described 
in section 2.2 in chapter 2 of this thesis. The force measurements and analysis 
follow the methods described in the previous chapters as well. Here, I introduce 
additional approaches used to analyze data in this chapter. According to Evans’ 
model (Evans and Ritchie, 1997), the rupture force density distribution p(f) at the 
loading rate rf is described by: 
/( ) [ / ( 1) / ] /f foff off f fp f k exp f f k f e r r    .   3.1 
Then, the cumulative distribution of rupture forces, or the survival probability 
function (the survival probability of a bond under an external force f) is 
/( ) [ ( 1) / ]f foff fP f exp k f e r   .       3.2  
Equations 3.1 and 3.2 describe the force distribution for single bound state that is 
characterized by one activation barrier. When the measured force distribution 
exhibits multiple binding states, the probability function is the weighted 
summation of (n) single state force distributions. In this case, the force 
distribution function for multiple bound states is described by: 
1 1 2 2( ) ( ) ( ) ...P f A P f A P f   ,       3.3 
where Ai is the population weight of the state i and Pi is the probability distribution 
for the ith state (Equation 3.2), i=1, 2, ….  
As described in Chapter 2, the force distribution of cadherin interactions 
exhibits multiple states. It is often difficult to visually distinguish the separate 
peaks in the histograms. Therefore, fits to cumulative distributions and F-tests 
were used to identify individual bound states from the histograms. The force 
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distribution (Equation 3.3) is the basis of the cumulative distribution fitting, where 
the cumulative distribution of the force data is fitted with Equation 3.3 and the 
parameters for each state are obtained. All nonlinear fits are done with the 
programs written in Matlab (Mathworks) using the least square minimization 
method. An F-test was carried out to determine whether single state or n-state 
(n>1) models best fit the data. Statistically, R, the sum square of residuals (SSR) 
obtained from the fits, follows the χ2 distribution (Beck, 1977), i.e., 
2
2 ~ (
R N p  ) , where p is the number of parameters; σ is the standard deviation 
of the measurements; and N is the total number of the measured data points. We 
have the statistic F, 
1 2
1
2
( ) / ~ ( ,
/ ( )
R R qF F q
R N p 
  )N p ,         3.4 
where R1 and R2 are the sum square of residuals for model 1 and model 2 
respectively; q equals p-p1, the difference in the number of parameters between 
model 2 (with p parameters) and model 1 (with p1 parameters); and α is the 
confidence level. Model 1 has fewer parameters (p > p1), and therefore has a 
larger SSR (R1 > R2). If the calculated F is larger than , which 
indicates the addition of q parameters into model 1 and improves the data fit 
significantly, then model 2 is considered as a better fit to the data.  
1 ( , )F q N p 
Analysis of parallel and simultaneous rupture bonds 
When the applied force is equally shared among more than one 
attachments, the force distribution is broadened and shifted to higher forces in 
close proportion to the number of parallel attachments. As a special case for 
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double bonds where the pulling force is equally shared by two bonds, the force 
distribution is approximated by replacing fβ and koff with 2 fβ and 1.5 koff in 
Equations 3.1 and 3.2 (Perret et al., 2004; Williams, 2002). 
Typically, for each pair of cadherin interactions, several thousand force 
curves are collected at each loading rate, with the overall binding frequency 
controlled at 10-20%. Among them, about 400 traces exhibiting single bond 
rupture events are analyzed to generate the force distributions. The forces are 
measured similarly at several different loading rates and the most probable 
forces (MPF, Fmp) are plotted against the logarithm of loading rates (so-called 
force spectra). The characteristic parameters of the bond are obtained from a 
linear regression of the force spectra with Equation 1.10 of Chapter 1 (section 
1.4.2). Below, I omit the description of this standard procedure for the force 
analysis and move directly to describe the force distribution and the force spectra 
(see section 1.4.2 in Chapter 1 of this thesis).  
3.3 Results3 
EC1 domains exhibit two bound states 
The histogram of the rupture forces measured between CEC12-Fc 
fragments shows one dominant peak and a smaller peak at lower forces (Figure 
3.1A), similar to previously reported results (Bayas et al., 2006). Plots of the most 
probable rupture forces Fmp, defined by the peak maxima, versus the logarithm of 
the loading rate rf were linear. Using the analysis described by Evans and Ritchie 
(Evans and Ritchie, 1997), linear least squares fits to the data (solid lines, Figure 
                                                 
3 Force histograms of all cadherin bonds at other pulling rates are included in Appendix D.2.  
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3.1C) determined the dissociation rates and thermal forces Fβ for the two bound 
states, as summarized in Table 3.1. The solid lines in Figure 3.1A are the 
probability distributions for both bonds computed with the fitted parameters. 
 
 
Figure 3.1: Bond rupture measurements with CEC12-Fc and CEC1-5-Fc 
fragments. Representative force histograms of (A) CEC12 vs. CEC12 and (B) 
CEC1-5 vs. CEC1-5 with probability distribution computed with best-fit 
parameters for the two and three-state models (solid lines). (C) The most 
probable force Fmp of each state was plotted against the logarithm of loading rate 
rf. The lines are linear least squares fits to the data with the best fit parameters 
given in Table 3.1. Error bars less than the size of the markers are not shown.  
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Interactions between full-length ectodomains CEC1-5-Fc generated a 
much broader histogram with two peaks (Figure 3.1B), and the maximum of the 
second peak is at a slightly higher force than the main peak measured between 
CEC12-Fc fragments (Figure 3.1A). However, the peak is too broad to ascribe to 
a single bound state. To determine whether this broad peak at the higher rupture 
force contains hidden bonds, the cumulative distribution of the force data was fit 
to two- and three-state binding models. In this case, F-tests determined that a 
three-state model better describes the bond statistics. Force spectra of the most 
probable rupture force Fmp versus the logarithm of pulling rate Log(rF) for the 
three putative bonds underlying the distribution in Figure 3.1B are included in 
Figure 3.1C.  
All three bound states measured between CEC1-5-Fc fragments exhibit 
linear force spectra. Least squares analyses of the force spectra gave the 
individual dissociation rates and thermal forces summarized in Table 3.1. The 
solid lines in Figure 3.1B are the probability distributions computed with the best 
fit parameters in Table 3.1 (Evans and Ritchie, 1997). Notably, the force spectra 
of the low and intermediate force peaks measured with CEC1-5-Fc coincide with 
two bound states measured between CEC12-Fc fragments (Figure 3.1C), but the 
third bond is stronger than either of the CEC12-dependent bonds.  
Analyses of force histograms measured between CEC12-Fc and CEC1-5-
Fc at several loading rates also identified two bound states. The force spectra 
overlapped with those of the two CEC12/CEC12 bonds (Figure 3.2). A 
comparison of the force spectra suggests that CEC3-5 does not have a 
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statistically significant effect on the intrinsic properties of the CEC12-dependent 
bonds.  
 
 
Figure 3.2: Binding between CEC12-Fc and CEC1-5-Fc. (A) Force distribution 
measured at rF=812±180 pN/s and (B) force spectra of the peaks in (A). The 
solid line in (A) is the probability distribution computed with the fitted parameters 
in Table 3.1. The solid line in (B) is linear least squares fit of the data with the 
best fit parameters given in Table 3.1.  
 
 
 
Role of EC domains 3-5 in cadherin binding 
Measurements with the C-cadherin fragment CEC1245-Fc tested whether 
EC3 contributes to cadherin binding. Figure 3.3 and 3.1 show the force 
histograms and force spectra for binding between CEC1245-Fc and i) CEC1-5-
Fc, ii) CEC12-Fc, and iii) CEC1-5-Fc. In all three cases, fits of the cumulative 
distribution to probability distributions for n independent adhesive bonds, together 
with F-tests, identified two (n=2) distinct binding states. The force spectra are 
also tightly clustered within ±5 pN of the CEC12-Fc/CEC12-Fc force spectra, 
supporting the view that these are the same adhesive states as those mediating 
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CEC12-Fc/CEC12-Fc binding. The force spectra of the two bonds between 
CEC1245-Fc and CEC1-5-Fc exhibit slightly higher rupture forces, but they are 
still weaker than the strongest, third bond measured with CEC1-5-Fc (Figure 
3.1C; Table 3.1).  
 
 
Figure 3.3: Rupture force histograms measured for the interactions of (A) 
CEC1245 vs. CEC12, (B) CEC1245 vs. CEC1-5, and (C) CEC1245 vs. CEC1245. 
The pulling rates are indicated in the figures. The solid lines are the probability 
distributions computed with the parameters in Table 3.1.   
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Figure 3.4: Rupture force histograms measured between (A) CEC1-3-Fc 
fragments and (B) between CEC1-4-Fc fragments at the indicated pulling rates. 
(C) Force spectra of the different bonds measured between the identical 
indicated fragments. Lines through the data are linear least square fits with the 
best-fit parameters in Table 3.1. The lines in (A) and (B) are probability 
distributions computed with the parameters in Table 3.1.  
 
The measured rupture forces between i) between CEC1-3-Fc and ii) 
between CEC1-4-Fc deletion mutants, which lack EC45 and EC5, respectively, 
investigated the contributions of the EC4 and EC5 domains to cadherin binding. 
Figure 3.4A shows the force histogram measured between CEC1-3-Fc fragments 
at rF= 615 ± 100 pN/s. One dominant peak was evident at all pulling rates. 
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Additionally, a low force peak and a less populated intermediate state were 
identified, by fitting the cumulative distribution to n-state models and using an F-
test to evaluate the different models. The intermediate state has no counterpart 
in CEC1-2-Fc/CEC1-2-Fc histograms (c.f. Figures 3.1A and 3.4A; Table 3.1).  
By contrast, the force histogram for interactions between CEC1-4-Fc 
fragments exhibited three distinct peaks (Figure 3.4B), with bond parameters 
summarized in Table 3.1. This compares with the three bound states detected 
with both CEC1-3-Fc and CEC1-5-Fc fragments (Figure 3.4C). 
W2A mutants alter the intrinsic properties of all cadherin bonds 
The Trp2 is reportedly required for cadherin function. Force distributions 
measured between identical W2A mutants of CEC1-5-Fc were measured at 
several pulling rates. The histogram measured at rF = 2107 ± 380 pN/s exhibits a 
single peak (Figure 3.5A). The linear force spectrum (Figure 3.5C) identifies a 
single activation barrier with koff = 1.1 ± 0.4 s-1 and a thermal force of Fβ = 7 ± 0.5 
pN.  
Studies with domain deletion mutants mapped bond rupture forces i) 
between W2A CEC1-5-Fc and CEC345-Fc and ii) between CEC1-5-Fc and 
CEC345-Fc to different cadherin structural regions (Figure 3.5B). Measurements 
between W2A CEC1-5-Fc and CEC345-Fc tested the hypothesis that the peak in 
Figure 3.5A involves EC3 rather than the EC1 domain. The force histogram 
exhibits a single major peak that is described by a single bond, and the linear 
force spectrum (Figure 3.5C) gave values of koff = 1.4 ± 0.5 s-1 and Fβ = 6.8 ± 0.8 
pN (Table 3.1). The latter values are statistically the same as those measured 
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between identical W2A CEC1-5-Fc fragments, and suggest that both are due to 
the same interaction.  
 
 
Figure 3.5: Interactions between W2A and i) W2A or ii) CEC345. (A) The 
histogram of distribution of rupture forces between W2A mutants at a pulling rate 
of 2107 ± 380 pN/s. (B) The distribution of rupture forces between W2A and 
CEC345 at a pulling rate of 2170 ± 400 pN/s. (C) Force spectra of the bonds 
measured between the indicated protein pairs, including W2A vs. W2A, W2A vs. 
CEC1-5, W2A vs. CEC345, CEC345 vs. CEC1-5, and CEC345 vs. CEC345. 
Force spectra of CEC12 vs. CEC12 and CEC1-5 vs. CEC1-5 interactions are 
shown for comparison.  
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Similarly, the force spectrum of the single bond is co-linear with the force 
spectrum of the bond measured between CEC1-5 and CEC345. The koff is 0.8 ± 
0.3 s-1 and Fβ = 5.4 ± 0.4 pN (Table 3.1). The latter force distribution also 
exhibited residual tails at higher forces, which appear to be due to multiple, 
parallel tip-surface linkages, as determined by analysis of the cumulative 
distribution (Appendix D.2). By analogy with the SFA findings (Maruthamuthu, 
Ph.D thesis, 2009), which show that the bond between W2A CEC1-5 monolayers 
and between W2A CEC1-5 and CEC345 are the same, I postulate that the single 
peaks in Figures 3.5A-B are due to the same adhesive interaction as measured 
in the SFA studies, and therefore requires EC3. 
 
 
Figure 3.6: Histogram of rupture forces measured between W2A CEC1-5 
fragments in the presence of 10 mM Tryptophan. The pulling rate is 2170 ± 590 
pN/s. The solid lines are probability distributions computed with the parameters in 
Table 3.1, which are obtained from cumulative distribution fit.  
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Together with SFA measurements (Maruthamuthu, Ph.D thesis, 2009), the 
results suggest that W2 docking alters binding involving other EC domains. To 
directly test this hypothesis, I measured binding between W2A mutants in the 
presence of 10 mM tryptophan. Figure 3.6 shows the force distribution measured 
at rF=2176 ± 591 pN/s. Comparison with the histogram in Figure 3.5A shows the 
emergence of a distinct peak at higher forces in the presence of Trp. This is 
consistent with the postulated allosteric effect wherein the insertion of tryptophan 
in the hydrophobic pocket alters the strength of bonds that involve domains other 
than EC1.  
3.4 Discussion 
Single bond rupture measurements carried out with the W2A point mutant 
and with domain deletion mutants of C-cadherin detected multiple binding 
interactions that require different structural regions of the ectodomain. The 
results also show that the W2A mutation affects both EC1/EC1 binding and the 
adhesive function of other bonds requiring different domains. The results 
document cross-talk between extracellular domains that modulates multiple 
cadherin binding interactions. They also provide quantitative evidence for 
allosteric cross-talk between the Trp2 binding pocket and distal, functional 
domains in the extracellular region. 
 The force histograms obtained with cadherin fragments containing EC12 
but not EC3 all exhibit two bound states, as reported in prior biomembrane force 
probe measurements (Bayas et al., 2006). The force spectra of each of the two 
bonds measured with different fragments are collinear, suggesting common 
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binding interfaces. Differences in the fitted bond parameters (Table 3.1) are 
attributed to variations in the experimentally determined slopes and intercepts.   
The addition of domains three through five coincides with the emergence 
of a third bound state in the force histograms.  With CEC1-5, the existence of a 
third bond, evident from the peak broadening, is supported by analyses of 
cumulative distributions at several pulling rates and the use of F-tests to compare 
models. The strength of this third bond and the formation frequency depend on 
domains EC4 and EC5. This bond requires EC3, but removing EC5 decreased 
its strength and increased its dissociation rate. The amplitude of the third peak is 
clearly visible in histograms of CEC1-4/CEC1-4 rupture forces, but loss of both 
EC4 and EC5 reduces the peak amplitude. Because the dependence of this third 
bond on EC4 and EC5 parallels the inner bond measured with the surface force 
apparatus (Zhu et al., 2003), we speculate that the third peak in the histograms is 
due to identical cadherin binding interactions.  AFM and surface force apparatus 
results thus demonstrate that the strongest cadherin bond requires EC3, and that 
thermodynamic coupling between domains 3-5 modulates the strength of this 
adhesive interaction.   
Importantly, the rotational flexibility of cadherins tethered to flexible 
polymers in the AFM measurements as well as the structural flexibility of the 
cadherin extracellular domain (He et al., 2003; Pokutta et al., 1994; Sotomayor 
and Schulten, 2008) precludes the unambiguous attribution of measured 
adhesion to either cis or trans bonds.  There is evidence that cadherin 
dimerization may be required for its adhesive function (Bibert et al., 2002; Brieher 
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et al., 1996; Lambert et al., 2005; Takeda et al., 1999; Troyanovsky et al., 2003; 
Zhang et al., 2009).  Similarly, findings also demonstrate that the reconstitution of 
the binding properties of the full-length extracellular domain requires multiple 
domains (Bayas et al., 2006; Chappuis-Flament et al., 2001; Chien et al., 2008; 
Perret et al., 2004; Sivasankar et al., 2001; Tsukasaki et al., 2007; Zhu et al., 
2003).  Although different dimerization sites were proposed (Al-Amoudi et al., 
2007; Troyanovsky et al., 2003; Tsuiji et al., 2007), the interface has not been 
identified.  This study together with previous results support both the EC12/EC12 
strand exchange model and the existence of putative lateral bonds, which likely 
involve other EC domains distal to the Trp2 docking site (Figure 9). 
W2A eliminates EC1/EC1 binding in both single bond rupture and surface 
force apparatus measurements, consistent with the strand exchange model 
(Boggon et al., 2002; Haussinger et al., 2004; Prakasam et al., 2006a). W2A 
monolayers also rapidly and spontaneously jump into contact at 211Å, signifying 
the loss of outer barriers (adhesive traps), which would otherwise impede this 
movement (Leckband, 2008).  
Histograms of single bond rupture forces show that CEC1-5 forms only 
two bonds with W2A, but the third bond observed between fragments containing 
EC3 is undetected (Appendix D.2).  W2A mutants form a single bond with a fast 
dissociation rate. The latter could be the weak encounter complex detected by 
single molecule FRET (Zhang et al., 2009). This W2A/W2A bond is not 
attributable solely to EC12/EC12 adhesion because W2A also binds CEC3-5.  
Consistent with the hypothesis that Trp2 docking allosterically modulates the 
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distal, EC3-dependent bond, soluble Trp partially restored one of the adhesive 
states.  
In conclusion, together with surface force apparatus measurements 
(Maruthamuthu, Ph.D thesis, 2009), the measurements demonstrate 
thermodynamic coupling between cadherin domains. These results support a 
model in which W2 docking globally regulates cadherin bonds, including putative 
lateral interactions that do not directly involve EC1. Several independent findings 
provide further evidence for long-ranged thermodynamic or allosteric coupling 
between cadherin domains: namely, i) the exposure of monomer-specific 
epitopes near EC4 and EC5 in the W2A mutant of C-cadherin, ii) the effect of W2 
docking on the exposure of a distal epitope in the EC1 domain, and iii) the loss of 
EC1/EC1 adhesion following mutation of the calcium binding site at the distal 
EC2/EC3 junction (D216A) (Harrison et al., 2005; Prakasam et al., 2006a; Tsuiji 
et al., 2007).  Such allosteric regulation reconciles the centrality of Trp2 for 
cadherin function with the formation of multiple, cadherin bonds (Koch et al., 
2004; Prakasam et al., 2006a; Tsukasaki et al., 2007).  These findings suggest a 
more comprehensive model for cadherin-mediated cell adhesion in which 
multiple domains contribute to allosterically coupled cis and trans bonds, which 
are in turn allosterically coupled. 
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 Table 3.1: Dissociation rates koff and thermal force values fβ obtained from linear 
fits to the dynamic force spectra for the indicated protein interactions.  
weak intermediate strong 
Protein Pair 
koff (s-1) Fβ (pN) koff (s-1) Fβ (pN) 
koff (s-
1) Fβ (pN) 
CEC12/CEC12 1.1 ± 0.4 
5.5 ± 
0.4 1.2 ± 0. 7 x10-3 4.7 ± 0.3 ND ND 
CEC12/CEC1245 0.8 ± 0.7 
5.9 ± 
1.6 
2.5 ± 1  
x10-3 4.6 ± 0.5 ND ND 
CEC1245/CEC1245 1.1 ± 0.4 6 ± 0.6 
1.4 ± 1  
x10-3 5 ± 0.4 ND ND 
CEC1245/CEC1-5 1.2 ± 1 6.7 ± 1 
0.4 ± 0.2  
x10-3 4.6 ± 0.3 ND ND 
CEC12/CEC1-5 1.0 ± 0.7 
5.4 ± 
0.4 0.8 ± 0.5 x10-3 
4.5 ± 　
0.4   
CEC1-3/CEC1-3 1.2 ± 0.8 
5.7 ± 
0.9 0.04 ± 0.035 5.1 ± 1.0 
2 ± 1.5 
x10-3 4.8 ± 0.4
CEC1-4/CEC1-4 1.1 ± 0.5 
5.1 ± 
0.6 0.02 ± 0.016 4.9 ± 1.0 
2 ± 1  
x10-3 5.4 ± 0.6
CEC1-5/CEC1-5 
0.4 ± 
0.3* 
4.3 ± 
0.6 
0.5 ± 0.4  
x10-3 4.7 ± 0.6 
6 ± 3  
x10-5 4.6 ± 0.4
CEC345/CEC345* 1.6 ± 0.9 5.1± 0.5 ND ND ND ND 
CEC345/CEC1-5* 0.8 ± 0.3 
5.5 ± 
0.4 ND ND ND ND 
W2A/W2A 1.1 ± 0.4 7.0 ± 
0.5 
ND ND ND ND 
W2A/CEC1-5* 1.3 ± 0.4 5.4 ± 
0.4 
0.02 ± 0.01 4.9 ± 0.5 
ND ND 
W2A/CEC12* 0.8 ± 0.5 5.8 ± 
0.9 
0.02 ± 0.015 4.6 ± 0.5 
ND ND 
W2A/CEC345 1.5 ± 0.3 7.0 ± 
0.3 
ND ND ND ND 
W2A/W2A 
+10mM Trp 1.6 ± 0.5 
7.0 ± 
0.4 0.05 ± 0.04 6.2 ± 1.0 
ND ND 
ND=not detected 
* Analysis in Appendix D.2.  
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Chapter 4  
Cadherin Mechanotransduction 
 
4.1 Introduction 
The importance of mechanical force in development, differentiation, and 
normal physiology is increasingly acknowledged, and many pathologies are 
associated with malfunctions in mechanotransduction (Butcher et al., 2009; Hahn 
and Schwartz, 2009; Jaalouk and Lammerding, 2009; Kumar and Weaver, 2009; 
Papachroni et al., 2009). Cell surface receptors integrate both chemical and 
mechanical cues to regulate diverse biological processes, such as cell 
differentiation, vascular development, morphogenesis, and tumor growth 
(Jaalouk and Lammerding, 2009). Many adhesion proteins transduce mechanical 
forces into cells and regulate various intracellular signaling pathways. As the 
mediators of cell-extracellular matrix (ECM) adhesion, integrins have been well 
demonstrated to be active mechanosensors. Early work shows that integrins 
transduce mechanical forces across cell membranes (Wang et al., 1993), and 
reinforce the local linkage to the cytoskeleton under applied forces (Choquet et 
al., 1997). External forces are also converted through integrin complexes into 
biochemical signals inside the cell (Vogel, 2006; Wang et al., 2005), and thus 
regulate cell polarity and gene expression (Ingber, 2006; Lopez et al., 2008; 
Wang et al., 2009). Cells are also able to sense the substrate rigidity, in order to 
regulate cell contractility and differentiation (Discher et al., 2005; Vogel and 
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Sheetz, 2006). Cells adhered to matrix proteins exhibit increased spreading area 
on stiffer substrates  (Engler et al., 2004; Lo et al., 2000; Pelham and Wang, 
1997). The rigidity of the substrates was shown to direct cell differentiation. 
Mesenchymal stem cells cultured on fibronectin-coated polyacrylamide (PA) gels 
differentiate into different cell types, depending on the substrate stiffness (Engler 
et al., 2006). Additionally, integrin-dependent traction forces exerted by cells on 
deformable PA gels vary with substrate rigidity. On soft gels, cells exert lower 
traction forces than on stiff substrates (Discher et al., 2005; Engler et al., 2006; 
Lo et al., 2000).  
Currently, most attention has been focused on the mechanotransduction 
at cell-ECM junctions, which are mediated by integrins. However, 
mechanosensing is also likely to occur at cell-cell junctions in order to sense 
tissue rigidity or contractile forces from neighboring cells. Cell-cell junctions are 
primarily mediated by cadherins, an entirely different superfamily of adhesion 
molecules (Gumbiner, 2005; Takeichi, 1995).  
Classic cadherins are single-pass transmembrane proteins with five 
extracellular domains that bind to cadherins from neighboring cells (Boggon et al., 
2002; Yap et al., 1997a). The cytoplasmic domain of the cadherin interacts with 
the actin cytoskeleton through its binding partners, β-catenin and α-catenin 
(Figure 1.2) (Gates and Peifer, 2005; Yamada et al., 2005). The dynamic 
regulation of cadherins during morphogenesis in response to various 
extracellular and intracellular signals determines cell sorting, cell rearrangements, 
and directed movements (Gumbiner, 2005; Zhong et al., 1999). In embryonic 
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development, cadherins control the formation of distinct tissue layers (Takeichi, 
1995).  
Increasing evidence now shows that cadherins carry out a host of cellular 
functions, rather than being simple, passive intercellular linkers (McLachlan et al., 
2007; Nakagawa et al., 2001; Wheelock and Johnson, 2003; Yamada and 
Nelson, 2007; Yap et al., 1997a). There is growing evidence that, during 
morphogenesis, intercellular mechanical forces direct cell patterning and drive 
cell movements (Wozniak and Chen, 2009). Although the classic cadherin 
complex is a good candidate for tension-sensing in tissues (Schwartz and 
DeSimone, 2008), direct evidence for such a role is lacking (Chen et al., 2004; 
Schwartz and DeSimone, 2008). The question of whether classic cadherins 
function as mechanosensors has not been directly answered.  
In addition, recent studies showed that both vinculin and the actin 
cytoskeleton are critical in integrin mechanosensing (del Rio et al., 2009; Deng et 
al., 2004; Icard-Arcizet et al., 2008; Mierke et al., 2007; Wang et al., 1993). 
Integrin links directly to cell cytoskeleton through focal adhesion complexes, 
including vinculin. Interestingly, vinculin binds to α-catenin, a cytoplasmic binding 
protein of cadherins, and recent studies suggested that the cadherin interacts 
with the actin cytoskeleton indirectly (Drees et al., 2005; Gates and Peifer, 2005; 
Yamada et al., 2005). In this thesis, I address the potential roles of vinculin and 
the actin cytoskeleton in cadherin mechanotransduction.  
On the other hand, cadherins mediate the dynamic sorting of cells into 
separate tissues. However, as discussed in Chapter 2, together with several 
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published results, we show that the cadherin ectodomain interactions between 
homophilic and heterophilic bonds are similar. This suggests that other factors 
may control the cadherin-dependent cell sorting specificity. Recent work on 
embryonic germ-layer cells shows that cell mechanical tension correlated with 
the sorting, while cell adhesion strength did not (Krieg et al., 2008). Cadherin-
mediated cell sorting involves large-scale cell migration and rearrangements, and 
cells experience tension and traction forces from neighboring cells. Whether 
cadherin mechanotransduction plays a role in cadherin-dependent cell 
segregation is an important open question.  
In this study, I directly examined cell responses to both external applied 
forces and soft substrates via classic type I cadherins. Forces were applied to 
cells through N-cadherin and E-cadherin coated magnetic beads with a magnetic 
twisting device, and the bead displacements indicative of junctional stiffness 
were simultaneously monitored. To test whether cadherin mechanosensing 
depends on the cadherin or ligand subtype, the force induced response of cells 
through homophilic and heterophilic cadherin bonds was measured and 
compared. To test whether cadherins also sense substrate rigidity, I examined 
the spreading of MCF-7 cells on the soft polyacrylamide gel coated with E-
cadherin. These studies reveal that cadherins are mechanosensors that respond 
both to mechanical forces and to the cadherin subtype.  
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4.2 Materials and methods 
4.2.1 Cell culture and protein production 
Soluble Fc-tagged cadherin extracellular fragments, including canine E-
cadherin (EEC1-5-Fc), Xenopus C-cadherin (CEC1-5-Fc), and chicken N-
cadherin (NEC1-5-Fc), were produced and purified as described (Prakasam et al., 
2006b; Shi et al., 2008). Briefly, CHO K1 cells stably transfected with NEC1-5Fc 
and EEC1-5Fc were cultured in Dulbecco's Modified Eagle Medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS) and penicillin/streptomycin. 
HEK 293 cells stably transfected with CEC1-5Fc were cultured in Glasgow’s 
Modified Eagle Medium (MEM) supplemented with 10% fetal bovine serum (FBS) 
and penicillin/streptomycin. The proteins were purified from the collected cell 
culture supernatants by protein A affinity chromatography followed by gel 
filtration chromatography. The protein purity was assessed by SDS-PAGE and by 
western blot.  
C2C12 mouse myoblast cells that express endogenous N-cadherin were 
maintained in low glucose DMEM supplemented with 20% FBS and 2 mM L-
glutamine. MCF-7 human breast epithelial cells and MCF-7 cells with either 
myosin IIA or IIB knock-down (provided by Alpha Yap, University of Queensland) 
both express endogenous E-cadherin. These cell lines were cultured in MEM, 
supplemented with 10% FBS and 1% non-essential amino acids (NEAA, Fisher). 
F9 mouse embryonic carcinoma cells, F9 vinculin knock-out cells, and the 
vinculin knock-out rescued with chicken vinculin were from Dr. J. Rooij (Hubrecht 
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Institute, Netherlands). F9 cells were maintained in flasks pre-coated with 0.1% 
Gelatin in DMEM supplemented with 10% fetal calf serum, 2 mM L-glutamine, 
and penicillin-streptomycin. CHO K1 cells stably transfected with full length 
canine E-cadherin or with chicken N-cadherin were cultured in DMEM 
supplemented with 10% FBS and selected with G418. 
Chemicals and reagents 
Blebbistatin, cytochalasin D (Cyto D), latrunculin B (Lat B), anti-N-cadherin 
antibody (clone GC-4), Src inhibitor PP1, 1-ethyl-3-[3-dimethylaminopropyl] 
carbodiimide hydrochloride (EDC), 3-aminopropyl-triethoxysilane (APS), and 
glutaraldehyde were purchased from Sigma. Anti-E-cadherin antibody and 
fibronectin were purchased from BD Bioscience. Acrylamide, N,N’-methylene-bis-
acrylamide (Bis), TEMED, and ammonium persulfate (AP) were obtained from 
Bio-Rad. (Tridecafluoro-1,1,2,2,-tetrahdrooctyl) trichlorosilane was from Gelest. 
N-hydroxyl-succinimide (NHS) and N-Succinimidyl-6-(4'-azido-2'-nitrophenyl-
amino) hexanoate (Sulfo-Sanpah) were from Pierce Biotech. The laminin were 
from Invitrogen, and the Rac1 inhibitor, NSC 23766, was purchased from Tocris 
Bioscience.  
4.2.2 Bead coating and magnetic twisting cytometry 
Ferromagnetic beads (Spherotech, 4.9 µm in diameter, magnetization 
constant 0.12 Pa/Gauss) were covalently modified with Fc-tagged cadherin 
ectodomains, poly L-lysine (PLL), or other proteins at 75 µg protein per mg beads. 
To activate the beads, magnetic beads with carboxyl surface groups were 
incubated with 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride 
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(EDC, 10 mg/ml) and N-hydroxy-succinimide (NHS,10mg/ml) in MES buffer (50 
mM  2-(N-morpholino) ethanesulfonic acid, 100 mM NaCl, pH 5.0) for 15 min at 
room temperature with constant mixing to activate the surface carboxyl groups. 
The beads then were centrifuged with 12000 rpm on an Eppendorf centrifuge 
(Model 4515) for 15 mins and the supernatant was removed. Proteins were 
added at 75 µg per mg beads and incubated with beads in coupling buffer 
(HEPES 20 mM, 100 mM NaCl, 5 mM CaCl2, pH 8.0) for 2 hrs with mixing at 
room temperature. The activated carboxyl groups covalently bind free amine 
groups on the protein. Quenching buffer (100 mM Tris, 20 mM NaCl, 5 mM CaCl2, 
pH 8.0) was added to stop the reaction, and the free proteins were removed by 
centrifuging the beads and removing the supernatant.  
To plate the F9 cells, a glass-bottomed 35 mm Petri dish (MatTek) was 
coated with a combination of fibronectin (10 µg/ml) and PLL (10 µg/ml) either for 
3-5 hrs in incubators at 37°C or overnight at 4°C. To plate the other cells (C2C12, 
MCF-7, and CHO cells), the glass-bottomed 35 mm Petri dish (MatTek) was 
coated with fibronectin at 20 µg/ml. Cells were harvested from the T-25 culture 
flasks, washed, and plated in the glass well at a density of 5-20 x104 cells/cm2 
and incubated overnight at 37°C with 5% CO2. The cells formed confluent 
monolayers. When necessary, plated cells were treated with cytochalasin D 
( Cyto D, 1 µg/ml for 15 min), Latrunculin B (Lab B, 10 µM for 15 min), EGTA (4 
mM for 30 min), E-cadherin antibody and N-cadherin (10-20 µg/ml for 30 min), 
PP1 (50 µM for 15-60 min), or blebbistatin (50-250 µM for 15-60 min) before the 
measurements.  
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Magnetic twisting cytometry and data analysis 
The technique of magnetic twisting cytometry (MTC) has been described 
previously (Fabry et al., 2001; Hu et al., 2004; Wang et al., 1993). For these 
measurements, ferromagnetic beads were allowed to settle on the cells, and then 
horizontally magnetized by applying a pulse field of 1 Tesla. Then, a sinusoidally 
modulated vertical magnetic field with specified strength was applied to the 
attached beads, in order to generate a torque on the beads (Figure 4.1A). The 
synchronized bead displacements caused by the applied torque were recorded 
by the computer program through a CCD camera (Mamamatsu) that was 
integrated with a Leica inverted microscope. Beads that have displacements 
larger than 1.5-2.5 µm were considered to be detached and were excluded from 
data analysis.  
The complex moduli of the bead-cell junctions were obtained from G* ~ 
σ/d, where σ is the oscillatory specific stress resulting from the twisting magnetic 
field and d is the recorded bead displacements induced by the torque. The 
applied specific stress σ is defined as the ratio of the applied torque to six times 
the bead volume (Fabry et al., 2001) and equals the magnetization constant 
times the field strength. The unit of the measured modulus is thus torque per unit 
bead volume per unit bead displacement (Pa/nm). For each bead, we further 
calculated the elastic stiffness G′ and the dissipative modulus G″ defined by 
G*=G′+iG″. The stiffness measured in this study indicates the stiffness of the 
linkage of the beads to the cells via cadherin bonds. In a typical measurement of 
the cell modulus, I applied a twisting field of 0.3 Hz for 10 sec, with a field 
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amplitude of up to 75 Gauss. This would correspond to a specific stress of up to 
9 Pa (bead magnetization constant 0.12 Pa/Gauss times field strength of 75 
Gauss). The elastic moduli of several hundreds of beads were determined 
simultaneously for each experimental condition. The stiffness data empirically 
follow a log-normal distribution. Therefore, the geometrical mean and standard 
deviation were used to acquire the sample statistics (Fabry et al., 2001). When 
the stress is applied continuously, the stiffness change relative to that of 
unstressed cells, Rt=(G′t-G′0)/ G′0, where G′t represents the elastic modulus 
measured at time t, was plotted against the time t. 
4.2.3 Preparation of soft gels and cell spreading measurements 
The preparation of soft polyacrylamide (PA) gels follows published 
procedures, with slight modification (Pelham and Wang, 1997). Briefly, cover 
slides (22 x 40 mm, Dow Corning) were cleaned with Piranha solution (30% v/v 
of 30% H2O2 and 70% of H2SO4) or concentrated NaOH solution, rinsed with 
Millipore water (dH2O), and dried in air. The surfaces of the slides were incubated 
with 50 μl of APS (3-aminopropyl-triethoxysilane) for 30 min at room temperature 
and rinsed with dH2O thoroughly. After air drying, the slides were baked at 110°C 
for 30 min. The surface of the coated slides was then incubated with 50 μl of 0.5 
v/v% glutaraldehyde in water for 30 min at room temperature, rinsed and air dried. 
The gel solution consists of 5% acrylamide, 0.1% Bis (N,N’-methylene-bis-
acrylamide), 0.1% TEMED (Tetramethylethylenediamine), and 0.1% AP 
(ammonium persulfate). The solution was degassed for 30 min before adding the 
catalysts (TEMED and AP) with a vacuum pump. A 25 µl aliquot of the final gel 
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solution was then placed on the coated surface of each slide and covered with a 
cover slip (18 mm diameter, Fisher) which had been precoated with tridecafluoro-
1,1,2,2,-tetrahydrooctyl-1- trichlorosilane. The rigidity of the substrate was 
adjusted by varying the Bis acrylamide concentration from 0.04% to 0.32%, 
which produce gel with moduli of 2-20 kPa.  
To covalently modify the gels with protein, each prepared gel was 
incubated with 100 µl of 1 mM Sulfo-Sanpah and illuminated with UV light for 10 
min, according to the manufacture’s protocol. The samples were then rinsed with 
dH2O, covered with the same amount of Sulfo-Sanpah, and illuminated with UV 
light again. After being rinsed with HEPES buffer, the slides were covered with 
100 µl of the desired protein, such as fibronectin or cadherin at 0.1 mg/ml, and 
incubated for 1 hr at room temperature and then overnight at 4 ºC.  
The coated slides were attached to the bottom of a 70 mm Petri dish with 
silicone sealant (Silicone IITM, GE) and sterilized by immersion in PBS buffer 
supplemented with 1% penicillin and streptomycin for 1 hr. The cells were 
detached from the cell culture flask with a low concentration of trypsin (0.01 w/v%) 
or PBS without Ca2+ to retain the cell surface proteins. The cells were then 
washed, and seeded onto the soft gel at a density of 1-3 x104 cells/cm2. After 
incubation for 6-8 hrs, cells were fixed with 4% formaldehyde for imaging with a 
Zeiss 200M inverted fluorescence microscope (20X). The edges and projected 
areas of single cells in the phase-contrast images were quantified with the 
freehand tool in ImageJ (v1.43). For each sample, more than 100 cells were 
analyzed to amass the representative statistics.   
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4.3 Results 
4.3.1 Cadherin junctional stiffness increases with applied stress.  
Mouse C2C12 myoblast cells that express N-cadherin were plated on 
protein-coated glass-bottomed Petri dishes, where they formed a confluent 
monolayer. The magnetic beads coated with N-cadherins were incubated with 
cells for 20 min before the measurements to let beads form stable attachments to 
cells. The shear elastic modulus of the bead-cell junctions was then measured by 
modulating a field of 2 Gauss at 0.3 Hz for 10 sec (Figure 4.1A).  After this, the 
field increased, and the modulus was similarly measured at the higher field 
strength (Figure 4.1B). The cell stiffness under these different conditions is 
shown in Figure 4.1B. N-cadherin-coated beads bind specifically to cells, and the 
measured junctional stiffness rises significantly with the applied stress until it 
reaches a plateau at 0.22 Pa/nm.  
In control experiments, bare beads or BSA coated beads (filed circle) were 
found mostly unattached or loosely attached to C2C12 cells. Those beads 
exhibited large displacements. As shown in Figure 4.1B, the measured stiffness 
of the control bead linkages was much lower compared to that of N-cadherin-
coated beads (only the data at the plateau region are shown). This suggests that 
the adsorption of matrix proteins on beads and the non-specific attachment of 
beads to cells are minimal during these short term measurements. Similarly, in 
the presence of EGTA (open squares) or anti N-cadherin antibody (open circles), 
the measured junction stiffness dropped significantly (Figure 4.1B). This shows 
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that the N-cadherin coated beads attach to cells through specific cadherin bonds, 
and that integrin interference is negligible. The poly L-lysine (PLL)-coated beads 
bound strongly to cells, with a measured junction stiffness of 0.9 Pa/nm. This is 
due to nonspecific electrostatic adhesion. When cells were treated with 
cytochalasin D (Cyto D) or latrunculin B (Lat B, Red triangles), the junctions 
between cadherin-coated beads and cells became much softer and the 
measured stiffness decreased to 0.02 Pa/nm (Figure 4.1B).  
 
 
Figure 4.1: Schematic of magnetic twisting cytometry (MTC). (A) The bead 
coated with adhesive proteins is bound to cells and horizontally magnetized. The 
magnetic field B, applied perpendicular to the bead magnetization axis, 
generates a torque T which causes a bead displacement D. (B) Cadherin-coated 
beads bind specific to cells, and the junctional stiffness increases in a force-
dependent manner. The magnetic beads coated with N-cadherin were incubated 
with cells for 20 min before the measurements. The shear elastic modulus was 
measured by modulating the field at 0.3 Hz with the magnitude of the field 
strength sequentially increasing from 0.2 to 9 Pa in 10 sec intervals. Controls 
were done with BSA coated beads (Green filled circles), or with N-cadherin 
coated beads in the presence of either EDTA (open squares) or anti-N-cadherin 
antibodies (open circles). The red filled triangle shows the stiffness measured 
when actin cytoskeleton is disrupted with Lat B. 
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4.3.2 N-cadherin complexes are mechanosensors 
The junction stiffness increase with the applied stress shown in Figure 
4.1B can be due to an active force response from cells or to simply the passive 
mechanical response of cells. The above measurements can not distinguish 
between these two possibilities. To measure the active response of cells to 
applied forces, a sinusoidal magnetic field of 0.3 Hz with an amplitude of 7.2 Pa 
(60 Gauss) was applied continuously to the attached beads for 2 min (Figure 
4.2A, top curve). The bead displacements were simultaneously monitored and 
the cell stiffness was calculated at each 10 sec interval. Since the amplitude of 
the applied stress is not varied as in Figure 4.1, the changes in the displacement 
magnitude are due to the active response of cells to the applied force, or to the 
force-actuated response.  
Figure 4.2A shows the representative displacement curves as recorded for 
PLL coated beads, N-cadherin coated beads, and the N-cadherin beads in the 
presence of EGTA. The displacement of N-cadherin coated beads (D) decreases 
with the force time. This indicates an increase in cell stiffness (G′ ~ 1/D). PLL-
coated beads do not show any significant changes in the bead displacement 
amplitude, which suggests that PLL-coated beads do not induce junction 
reinforcement. The percent change in junction stiffness Rt is shown in Figure 
4.2B. Stress transmitted through N-cadherin bonds induced a large change in the 
junction stiffness of ~100% within two minutes of stress application. When stress 
is applied through PLL-coated beads, no junctional stiffening was observed. 
These data indicate that force-actuated stiffening is specific to cadherin linkages 
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rather than to cell membrane deformation.  
 
 
Figure 4.2: Cells reinforce the local junctional contact in response to forces 
transmitted through cadherins. (A) A sinusoidal magnetic field was applied to the 
attached beads for 2 minutes (top curve), and synchronized bead displacements 
were simultaneously recorded. The displacement of N-cadherin-coated beads 
decreases (3rd curve) over the period of stress application. Neither PLL-coated 
beads (2nd curve) nor N-cadherin beads on EGTA-treated cells (bottom curve) 
show any decrease in the displacement amplitudes. (B) The cell stiffness at each 
10-second interval was normalized to t=0, Rt=(G′t-G′0)/ G′0, where G′t represents 
the stiffness measured at time t. This was plotted as the percentage change 
relative to cells at t=0. The stress on the N-cadherin-coated beads (filled squares) 
was 7 ± 1.7 Pa). In controls, beads were either coated with PLL (filled circles) or 
BSA (open circles). In addition, with N-cadherin beads, cells were treated with 
EGTA (open squares) or cadherin antibody (open triangles) before the 
measurements. Each data point represents the geometric average of 400-1200 
cells. 
 
In control experiments, BSA-coated beads did not show any stiffening, nor 
did the N-cad coated beads in the presence of EGTA, or the blocking antibody. 
This demonstrates that the stiffening response is specific to cadherins and that 
possible matrix protein adsorption is insignificant. Cells are able to sense the 
forces transmitted through cadherin linkages, and to respond to stress by 
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reinforcing the cadherin junction (Figure 4.2). 
Mechanosensors are able to transduce the mechanical forces and 
generate proportional changes to the external mechanical cues (Vogel and 
Sheetz, 2006). These data determined how the stiffening level changes with the 
external stress. The specific stress with amplitudes between 0.5-8.5 Pa was 
continuously applied to cells for 2 min, and the relative percent stiffness change 
at 2 min, R2min, was plotted against the applied stress. Figure 4.3A shows that 
stiffening level increases with the applied shear stress and mostly saturates 
above 3 Pa. This shows that N-cadherin complexes are mechanosensors that 
transduce the applied mechanical stress and induce a local stiffening response 
proportional to external forces.  
To identify the key components in the cadherin mechanotransduction, 
cells were treated with drugs or inhibitors of possible components, and the 
stiffness increase after applying the stress for 2 min was similarly measured 
(Figure 4.3B). When the cells were treated with either Lat B or Cyto D that 
disrupts the actin organization, cell stiffening was abolished (Figure 4.3B). This 
demonstrates that an organized actin cytoskeleton is required for the force-
induced stiffening response.  
To test whether substrate rigidity affects the stiffening response by 
modulating the cell contraction, the cells were plated on the soft polyacrylamide 
(PA) substrates with the bis-acrylamide concentration of 0.04% and 0.32%. 
Interestingly, the force-induced stiffening response of C2C12 cells measured with 
N-cadherin beads largely decreased. This decrease varied with substrate 
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stiffness (Figure 4.3B).  However, cells treated with the Src inhibitor, PP1, or with 
myosin II inhibitor, blebbistatin, show only a modest attenuation in the stiffening 
responses (Figure 4.3B). 
 
 
Figure 4.3: Stiffness increases measured with N-cad coated beads on C2C12 
cells. (A) Stiffness increase in percent versus the applied specific stress. By 
varying the applied specific stress from 0.5-8.5 Pa, the stiffening levels were 
measured after continuous perturbation for 2 min. (B) Cells were treated with 
different drugs (Lat B, Cyto D, PP1, Blebbistatin, and Rac1 inhibitor) or anti-N-
cadherin. The graph shows the stiffening response measured through N-
cadherin-coated beads at 2 min. The force-induced stiffening responses of cells 
plated on the soft PA gels (0.04% and 0.32% bis acrylamide respectively) were 
measured with N-cadherin coated beads in the same way.  
 
4.3.3 E-cadherin complexes as force sensors. 
To examine whether E-cadherin complexes are mechanosensors, the 
response of both F9 and MCF-7 cells to the forces was similarly measured with 
E-cadherin coated beads. Both of these cell types express endogenous E-
cadherins. The shear stress of 0.3 Hz applied to the cell-bound beads was 
sequentially increased in 10 sec intervals and the stiffness was measured. Figure 
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4.4B shows that F9 cells similarly exhibit force-dependent stiffening with 
increasing external stress.  
 
 
Figure 4.4: Measured stiffness of E-cadherin bonds to F9 cells as a function of 
bead-cell contact time (A) and applied stress (B). (A) The force-independent 
increase in junctional stiffness as a function of the bead-cell contact time. E-
cadherin coated beads were added to F9 cells. After defined contact periods 
between the cells and beads, the oscillating field (0.3 Hz at 10 Gauss) was 
switched on for 10 sec to quantify the elastic shear modulus (Pa/nm). (B) The 
applied modulating field (0.3 Hz) was increased stepwise in 10 sec intervals from 
0.5-9 Pa, with no pause between successive changes in the magnetic field (cell 
number N>300). The reported modulus is the geometric average value measured 
at each field strength. Measurements were done with E-cadherin coated beads 
(filled squares), and also with E-cadherin coated beads in the presence of 
cytochalasin D (Cyto D, filled diamonds), EGTA (open squares), blebbistatin 
(filled triangles), and blocking E-cadherin antibody (Ab, filled circles). The results 
of similar measurements with E-cadherin antibody coated beads (open circles) 
and BSA-coated beads (open triangles) are also shown (only the data at the 
plateau region are shown).  
 
To distinguish the force-actuated response of cells from the force-
dependent passive response, the shear stress was constantly applied to the 
beads for 2 min, and the cell stiffening response of both MCF-7 and F9 cells was 
measured (Figure 4.5A-C). We found that forces transmitted through the E-
cadherin complex similarly induced an acute stiffening response over the time of 
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force application. The bead displacements decreased and the cell stiffness 
increased (Figure 4.5A). The relative percent change in stiffness increased with 
the applied stress (Figure 4.5D), which suggests that the E-cadherin complexes 
are mechanosensors. The stiffening response is blocked by EGTA or by anti-E-
cadherin (Figure 4.5), suggesting that cadherin mechanotransduction requires 
specific cadherin ligation.  
The disruption of the actin cytoskeleton by either Cyto D or Lat B 
abolished the stiffening response (Figure 4.5B, C), indicating that an organized 
actin cytoskeleton is required for mechanosensing. Myosin II regulates the 
actomyosin contractility. In F9 cells, the stiffness increase is also modestly 
attenuated by the inhibition of myosin II with blebbistatin (Figure 4.6A). Similarly 
force induced less stiffening on myosin IIA or myosin IIB MCF-7 knock-down (KD) 
cells (Figure 4.6B). However, MCF-7 myosin II KD cells may not be stable. 
Therefore, additional studies with myosin KO cells are needed to conclusively 
establish the role of myosins in mechanotransduction.   
 Our collaborator (Dr. J. de Rooij, Hubrecht Institute) found that vinculin 
accumulates at the cell-cell junctions during the formation or disruption of 
cadherin adhesion, where the tension between cells persist most. To test directly 
whether vinculin is a key component in cadherin mechanosensing, I measured 
the stiffening response of vinculin knock-out F9 cells. The stiffness increase 
measured with these cells dropped nearly half, but was rescued by transfecting 
the cells with chicken vinculin (F9 rescue cells, Figure 4.6A). This rescue 
suggests a critical role for vinculin in cadherin mechanotransduction.  
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Figure 4.5: E-cadherin complexes are mechanosensors. After 20 min of bead-
cell contact, the field was modulated continuously at 0.3 Hz for120 sec or 60 sec. 
(A) Oscillating magnetic field and bead displacements were plotted as a function 
of the forcing time. The traces display the time course of the applied field (top), 
representative displacements of E-cadherin coated beads (middle), and control 
poly-L-lysine (PL) beads (bottom). The change in stiffness was measured for E-
cadherin beads adhered to (B) MCF-7 cells and (C) F9 cells relative to 
unperturbed bead-cell contacts (filled squares). In (B) and (C), the stiffness 
increase was also measured in the presence of latrunculin B (Lat B, open circles), 
cytochalasin D (Cyto D, open diamonds), blebbistatin (filled diamonds), EGTA 
(open squares), and blocking E-cadherin or blocking N-cadherin antibody (Ab, 
open triangles). In addition, the change in junction stiffness was also measured 
with PLL beads (filled circles) and with monoclonal E-cadherin or N-cadherin 
antibody-coated beads (filled red triangles). (D) The percent change in E-
cadherin junction stiffness relative to unperturbed cells was measured as a 
function of applied shear stress. The cell-bound beads were subjected to a 
modulated 0.3 Hz magnetic field for 60 s. The elastic shear modulus was 
determined at 50 s, as a function of the amplitude of the applied shear stress. 
Each data point represents > 300 beads. 
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Figure 4.6: Force-dependent junction reinforcement is modulated by vinculin and 
myosins IIA and IIB. (A) The stiffness increase after 1 min of stress application 
(2.5 ± 1Pa) was measured with E-cadherin coated beads on parental F9 cells, 
vinculin knock-out F9 cells (Vin-KO), or vinculin rescued (Res) cells. Stiffening 
was also quantified with E-cadherin coated beads on F9 cells in the presence of 
the myosin II inhibitor blebbistatin. (B) The stiffness increase after 2 min of stress 
application (7 ± 2 Pa) was measured with E-cadherin coated beads on MCF-7 
cells, MCF-7 myosin IIA KD, and on myosin IIB KD cells. The p-value of the 
measurements p < 0.001 as compared to parental F9 cells is indicated with **. 
 
4.3.4 Cadherin specificity in mechanotransduction 
In Chapter 2, I showed that cadherin subtype specificity in cell sorting 
does not depend on the difference in dissociation rates or mechanical strengths 
of cadherin bonds. Other factors may control the cadherin specificity. To test 
whether cadherin subtype specificity impacts the mechanotransduction, I 
investigated how cells respond to forces transmitted through homophilic and 
heterophilic cadherin bonds.  
When twisting the N-cadherin-, E-cadherin- or C-cadherin-coated beads 
attached to N-cadherin expressing C2C12 cells with the same stress magnitude 
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applied to beads, the junction reinforcement through heterophilic cadherin bonds 
was significantly lower than homophilic bonds. This contrasted to a nearly 100% 
increase in the mechanical reinforcement triggered by N-cadherin homophilic 
bonds (Figure 4.7A). This shows that the mechanotransduction of N-cadherin 
complexes is cadherin subtypic-specific. 
 
 
Figure 4.7: Force dependent reinforcement of cadherin junctions depends on the 
ligand identity. Beads were coated with N-cadherin, E-cadherin or C-cadherin 
extracellular domains and then incubated with (A) C2C12 cells and (B) MCF-7 
cells. Shear stress applied to cells through homophilic and heterophilic cadherin 
linkages induced significantly different stiffening responses. In all case of C2C12 
N-cadherin expressing cells (A, stress 7.2 ± 1.7 Pa) and MCF-7 E-cadherin 
expressing cells (B, stress 6.2 ± 2.1 Pa), cadherin homophilic interaction 
(represented by filled squares) induced higher stiffening levels than heterophilic 
cadherin interactions (filled circles and filled triangles). In controls, cells treated 
with EGTA before the measurements (open squares) did not show the stiffening 
response.  
 
To test whether this specificity also holds true for the E-cadherin complex 
as well, I then measured stiffening responses of MCF-7 human epithelial cells to 
external stress through E-cadherin-, N-cadherin-, and C-cadherin-coated beads. 
As shown in Figure 4.7B, the E-cadherin homophilic interactions induced a 
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significantly higher level of junctional stiffening than the heterophilic bonds (N-
cadherin- and C-cadherin-coated beads on E-cadherin-expressing MCF-7 cells). 
In both C2C12 and MCF-7 cells, mechanical perturbations of heterophilic 
cadherin bonds induced very weak or no stiffening, in contrast to the large force 
actuated response of homophilic cadherin linkages.  
 
 
Figure 4.8: Cadherin mechanotransduction specificity depends on cell context. 
Beads are coated with N-cadherin, E-cadherin or C-cadherin ectodomains 
respectively and attached to E-cadherin expressing epithelial F9 cells (A, applied 
stress of 5.5 ± 2.0 Pa) and N-cadherin expressing CHO cells (B, applied stress of 
8 ± 1 Pa). A continuous twisting magnetic field was applied to the attached beads 
and transmitted into cells through cadherin ligation. Cells’ local mechanical 
responses to the external stress are measured similarly as the previous figure. 
Filled squares represent the measurements with homophilic cadherin bonds, 
while the heterophilic cadherin bonds are labeled with filled circles or filled 
triangles. In controls, the measurements were in the presence of 5 mM of EGTA 
(open squares).  
 
To explore whether the cadherin subtype specificity in mechano-
transduction is universal, different cell lines were tested. Figure 4.8 shows the 
stiffening response of E-cadherin expressing F9 cells and N-cadherin expressing 
CHO (N-CHO). In F9 cells, stress transmitted through the heterophilic links to N-
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cadherin or C-cadherin beads also induced a high level of local reinforcement. 
However, the percent change is somewhat less than that seen with E-cadherin 
homophilic bonds. The stiffening response of N-CHO cells was similarly 
measured with N-cadherin, E-cadherin, and C-cadherin coated beads. Although 
the force applied through the N-cadherin complex only induces a low stiffening 
response (~20%) on N-CHO, the changes in stiffness through homophilic bonds 
is significantly higher than the stiffening through heterophilic cadherin bonds. 
This suggests that mechanotransduction is cadherin subtype-specific, but the 
magnitude of difference may depend on the cell type.  
4.3.5 Cadherins sense substrate rigidity that modulates cell 
spreading 
To test whether classical cadherins are able to sense the substrate rigidity, 
I also investigated cell spreading on soft gels with different stiffness (Figure 4.9A). 
First, to test whether the extracellular matrix (ECM) proteins would deposit on 
soft gels and interfere with cell adhesion and spreading, MCF-7 cells were plated 
onto the PA gels (0.16% Bis acrylamide) coated with different proteins, and then 
incubated for 6 hrs. The adherent cells were then fixed and counted. As shown in 
Figure 4.9B, cells barely adhered to the surfaces coated with BSA, but they did 
adhere to the substrates modified with fibronectin, cadherin, or PLL.  
To test whether cells are able to sense substrate rigidity, MCF-7 cells 
were plated on soft PA gels with different stiffness (0.04%-0.32% Bis), and then 
cell spreading was measured. Figure 4.10A shows the representative examples 
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of cells which spread and cells without spreading on soft gels. The average 
spreading area at different gel stiffness was plotted (Figure 4.10B). 
 
 
Figure 4.9: Cell attachment to soft polyacrylamide (PA) gels. (A) Schematic of 
PA gel modification with covalently bound protein. (B) Comparison of the density 
of adhered cells on PA gels coated with fibronectin (FN), poly-lysine (PLL), E-
cadherin (E-cad), BSA, or without any coating (Null). Substrates were made with 
0.16% of Bis acrylamide.  
 
 
The spreading area of MCF-7 cells increased with the rigidity of the 
substrates coated with fibronectin, consistent with published results (Engler et al., 
2004; Pelham and Wang, 1997; Vogel and Sheetz, 2006). The projected cell 
area of MCF-7 plated on the E-cadherin coated gels also increased with the 
substrate stiffness, showing that cells are able to sense the substrate rigidity 
through cadherin bonds to regulate cell spreading. When MCF-7 cells were 
treated with Rac1 inhibitor, NSC 23766, for 12 hr before the spreading, the 
projected areas of cells did not change significantly with different substrate 
stiffness.  
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Figure 4.10: (A) Representative phase-contrast images of cells on 
polyacrylamide gels with the indicated bis-acrylamide concentrations. (B) Plots of 
cell area vs. substrate stiffness when surfaces were coated with E-cadherin (filled 
squares) and fibronectin (FN, filled circles). The open squares indicate the cells 
treated with the Rac1 inhibitor on E-cadherin surface.  
 
4.4 Discussion 
The results of this study provide direct evidence that cadherin complexes 
are mechanosensors. Cells reinforce the local contact with the cadherin-coated 
beads in response to the forces transmitted via cadherins. This is presumably 
due to the accumulation of molecules at the junction, or the strengthening of 
individual links (Choquet et al., 1997; del Rio et al., 2009). C2C12 and MCF-7 
cells show similar stiffening responses to shear stress applied via homophilic 
cadherin bonds, although the magnitude of the change differs. EGTA or cadherin 
antibodies effectively blocked the cadherin adhesion and abolished force-induced 
junctional stiffening.  
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This force-induced stiffening response is similar to what has been 
observed for integrins, although the time scale and magnitude of reinforcement 
through integrins differs. The force applied with optical tweezers to restrain the 
attached beads coated with fibronectin induces the reinforcement of the bead 
linkage to the cell cytoskeleton within 10 seconds (Choquet et al., 1997), but the 
response at longer times is slower.  
VE-cadherins were shown to act as adaptors, instead of force-sensors in 
the shear stress-sensing complex at cell-cell junctions (Tzima et al., 2005). In 
that study, it was shown that VE-cad antibody-coated beads do not activate 
integrin signals, while PECAM1 coated beads do (Tzima et al., 2005). 
Interestingly, we similarly found that anti-cadherin antibody coated beads fail to 
induce a stiffening response, in contrast to the cadherin coated beads. This 
suggests that cadherin mechanotransduction requires specific cadherin ligation. 
A remaining question concerns the relative contributions of biochemical signaling 
and mechanotransduction at cadherin junctions.   
The force-actuated stiffening response absolutely requires an organized 
actin cytoskeleton. Disrupting the actin cytoskeleton with either Cyto D or Lat B 
abolished stiffening response. Other reagents, such as blebbistatin, the Src 
inhibitor PP1, or the Rac1 inhibitor did not have such a drastic effect on the 
stiffening response. This is similarly observed with RGD coated beads through 
integrins, where the strengthening of RGD-bead adhesion did not decrease 
dramatically upon the treatment with several signaling inhibitors, including the 
Src, ROCK, and Rho  inhibitors (Matthews et al., 2006). Interestingly, when cells 
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were plated on soft PA substrates, the measured stiffening response to forces 
was significantly lower than that measured with cells on hard surfaces. Substrate 
stiffness is known to affect the cell behavior considerably, particularly the cell 
contractility (Giannone et al., 2004; Lo et al., 2000; Vogel and Sheetz, 2006). Cell 
traction decreases when cells are cultured on softer substrates, and suggests 
that the cell pre-stress regulates cadherin mechanotransduction. Despite recent 
in vitro studies suggesting that cadherin interactions with the cytoskeleton are 
indirect (Yamada et al., 2005), our results indicate that the actin cytoskeleton is 
mechanically and functionally coupled with cadherin function.   
Complimentary to cadherin mechanotransduction of active applied force, 
cells are also able to sense the passive mechanical property of their substrate, 
such as rigidity, that regulates a variety of cell function. Src kinase and substrate 
rigidity were recently found to regulate the cross-talk between integrins and 
cadherins (Tsai and Kam, 2009). In that study, both Src inhibition and culturing 
cells on soft elastomeric gels disrupted focal adhesions and restored cadherin 
junctions. The results could be due to the weakening of focal adhesion or the 
strengthening of cadherin adhesion, but the study did not distinguish between 
these possibilities. Here, MCF-7 cell spreading on fibronectin-coated substrates 
is consistent with previous findings that cell spreading increases with substrate 
stiffness (Engler et al., 2004). In this study, MCF-7 cells plated on the E-cadherin 
substrates spread more on stiffer gels than on soft ones. This behavior suggests 
that the cells can also sense the substrate rigidity through cadherin receptors to 
modify their spreading accordingly, similar to integrins (Pelham and Wang, 1997; 
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Vogel and Sheetz, 2006). In addition, the Rac inhibitor abolished the substrate-
rigidity-dependent cell spreading through cadherins, which is consistent with the 
published findings that cell spreading is Rac-dependent (Price et al., 1998).  
Importantly, the data show that the local force actuated reinforcement 
through homophilic cadherin bonds is significantly greater than through 
heterophilic cadherin bonds. This is the case both for E-cadherins on MCF-7 and 
F9 cells, as well as for N-cadherins on C2C12 and N-CHO cells, although the 
magnitude of the difference depends on the cell context. The relative difference 
between cadherin subtypes in mechanotransduction is more significant than the 
differential adhesion or affinities between the homophilic and heterophilic 
cadherin bonds. Indirectly, this is consistent with recent work showing that 
membrane cortical tension correlates better with in vivo cell sorting results than 
the cell adhesion (Krieg et al., 2008). Together with other work, my findings 
regarding the specificity of cadherin mediated mechanotransduction reveal an 
additional mechanism contributing to cadherin-mediated cell sorting.  
During morphogenesis and cell sorting, which involves a significant 
amount of mechanical tension due to adhesion and contraction between 
neighboring cells, the local contacts between cells expressing the same types of 
cadherins are reinforced by the tension, and cells thus form preferable 
aggregates over the cells with different types of cadherins expressed, where a 
significantly reduced or no adhesion reinforcement exists. The outcome of cell 
sorting could be due to a combined contribution from several factors, such as 
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mechanical forces, expression level, differential adhesion, and membrane 
tension.  
In summary, I have obtained direct evidence that cadherins are 
mechanosensors that are able to sense both active applied forces and passive 
substrate rigidity. Force induces acute stiffening responses through both E-
cadherin and N-cadherin complexes. Cells appear to sense the substrate rigidity 
through E-cadherin and exhibit more spreading on stiffer gels. This evidence for 
cadherin mechanotransductions is similar to integrin behavior.  
As two major cell adhesion receptors, cadherins and integrins share 
certain features (Boggon et al., 2002; Chen et al., 2004; Hynes, 2002), and it is 
not surprising to expect that the cadherin mechanosensing would be similar to 
that of integrins (Chen, 2008; Ingber, 2006). However, cadherins and integrins 
also have several distinct structural and functional features. For instance, in 
contrast to the tight and direct linkage of the integrins to cytoskeleton through 
mechano-sensitive focal adhesions (del Rio et al., 2009; Vogel and Sheetz, 
2006), recent evidence suggests that the interaction between cadherins and 
cytoskeleton appears to be rather dynamic and indirect (Drees et al., 2005; 
Yamada et al., 2005). Considering the critical role of focal adhesions in integrin 
mechanotransduction, transfer of the knowledge about integrins to a cadherin 
context is not straight-forward. The critical mechano-sensitive components in 
cadherin complexes that are similar to or different from focal adhesion are yet to 
be identified (Abe and Takeichi, 2008). However, such information would provide 
informative insights in understanding the mechanisms of mechano-coupling and 
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force transduction at both cell-cell and cell-ECM adhesions, as well as related 
physiology and pathology.  
Mechanotransduction of cadherin and cadherin subtype specificity as 
studied here highlights two new discoveries. First, cell-cell interaction through 
cadherins is a dynamically regulated and active process that is responsive to the 
mechanical environment. Over the years, traditional models are typically static. 
Cell sorting was thought to be simply the result of free energy minimization that 
incorporates cadherin expression level and differences in cadherin bond 
properties. However, cell sorting in vivo involves substantial cell movements 
which are dynamic and precisely regulated. Secondly, it demonstrates the 
importance of forces in cadherin functions, with possible biological consequences 
for cell sorting and morphogenesis. To date, studies of cadherins focused 
independently on adhesion and chemical signaling. The importance of 
mechanics in cadherin biology has not been widely considered. However, a vast 
amount of work has already shown that stress and tension play a vital link in 
many biological processes that may involve cadherins. The question is: what is 
the mechanism of mechanotransduction at cadherin junctions, and to what extent 
do the mechanical forces act to regulate biological function?  
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Chapter 5  
Concluding Remarks 
 
Chapter 2 extends previous near-equilibrium cadherin adhesion energy 
measurements by quantifying the rupture forces and intrinsic dissociation rates of 
homophilic and heterophilic cadherin interaction at the single bond level. Three 
types of classic cadherins were studied: chicken N-cadherin, canine E-cadherin, 
and Xenopus C-cadherin. The forces required to dissociate individual cadherin 
ectodomain bonds were measured with the atomic force microscope (AFM). The 
measurements demonstrate that cadherin subtypes cross react. The mechanical 
and kinetic properties of the heterophilic bonds do not differ substantially from 
homophilic bonds. This supports the accumulating evidence that cadherins 
exhibit only modest binding specificity. Further comparison of these results with 
two different cell sorting assays shows that biophysical differences between 
cadherins do not account for segregation outcomes. These findings suggest that 
cell sorting in vivo and in vitro is likely governed by several factors, which may 
include, but are not determined solely by subtle variations in cadherin adhesion. 
In Chapter 3, we used single-bond force measurements to probe the 
functional role of EC domains in C-cadherin function. The results reveal that the 
W2 residue of EC1 domain both mediates the N-terminal interaction of cadherins 
and exerts an inter-domain allosteric effect in multiple domains far away from 
EC1. This novel finding reconciles several published contradictory results and 
presents new insights in the regulation of cadherin-based cell adhesion.  
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In Chapter 4, we examine directly the cell response to both external 
applied forces and soft substrates via classic cadherins. Forces transmitted 
through both E-cadherin and N-cadherin bonds induced stiffening responses in 
C2C12 and MCF-7 cells. The stiffening response increases with the applied 
stress, which demonstrates that classic cadherins are mechanosensors. 
Interestingly, I found that the force-induced stiffening response is cadherin 
subtype-specific, which may provide possible models for cadherin-mediated cell 
sorting. I also showed that E-cadherin complexes can sense the passive 
substrate rigidity. MCF-7 cells spread more on stiffer gels coated with E-cadherin, 
and depend on small GTPase Rac1, where inhibition of the Rac1 abolishes the 
stiffness dependence of cell spreading.  
The molecular mechanism for both cadherin adhesion and cadherin 
mediated cell-sorting specificity is fundamental to understanding cadherin 
function and regulation. Any advance in either topic is mutually beneficial to the 
other. The finding of allosteric inter-domain adhesion regulation in Chapter 3 
provides an interesting model of cadherin adhesion. However, the force 
measurements can not exactly differentiate the cis- or trans- cadherin interaction. 
Therefore, the picture will not be complete without the characterization of cis- and 
trans-bond. One possible approach is to measure the interaction with cadherins 
expressed on cells, and compare with the ectodomain binding.  
Chapter 4 provides an initial study of cadherin mechanotransduction. The 
two key questions are: what is the mechanism involved, and how do they 
regulate cell functions? I used several drugs to probe the possible 
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mechanotransduction pathways. The information acquired is still limited. There 
are several approaches to explore these questions further. Analog with what has 
been known to integrins would provide useful information and direction. Possible 
approaches include:  
1) Tracking the accumulation of cadherin and certain cadherin-interactive 
proteins, such as vinculin, β-catenin, and actin around the beads 
through either GFP-tagged molecules or cell staining.  
2) Knock out certain proteins, such as α- or β-catenin, to check how they 
affect force sensing. 
3) Use other different drugs and inhibitors. 
 
Another aspect involving mechanotransduction is the affect of force in 
activating a chemical signal, such as Src, or Rac. For example, using a highly 
sensitive Src biosensor, we can apply stress to cells and quantify spatiotemporal 
Src activation in response to the stress. 
Regarding the substrate rigidity sensing, an initial step is to exclude the 
possibility of integrin inference in a more rigorous way. Several experiments can 
be carried out. The first would be to check whether cells secrete matrix protein 
and modulate substrate, through, for example, cell staining of the matrix protein 
or focal adhesion after the cell spreading, using cadherin antibodies to compete 
the attached cells off. If they do, antibody blocking of integrin or with soluble RGD 
can be used to block integrin adhesion. To study the rigidity sensing and how 
substrate stiffness regulates cell function through cadherins, the readout, instead 
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of cell spreading, can be switched to examine signal activation with either an 
immuno-precipitation pull-down assay or with FRET biosensors.  
Our results in Chapter 2 indicate that the cadherin specificity would be 
implicated with a cell cytoplasmic signal. Indeed, primary results from Rac 
activation (refer to the dissertations of K.J. Lee and Y-H. Chien), and the 
cadherin specificity in force-sensing in Chapter 4 supported this view. However, 
further studies are imperative in order to elucidate the molecular mechanism. 
Possible studies could focus on cadherin subtype-specificity in signal activation 
using biosensors with high tempo-spatial resolution, or simply cell spreading on 
soft gels through different type of cadherin receptors.  
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Appendix A 
AFM Force Measurement and Analysis 
 
A.1 Viscous drag force correction 
At high loading rates (~µm/s), the cantilever moves rapidly and 
experiences large viscous forces that can not be neglected. Therefore we need 
to correct for the viscous drag on the tip at high speeds as described below.  
 
 
Figure A.1: Correction of viscous force on the cantilever when it moves close to 
the surface.  
 
The viscous force on cantilevers in fluid can be calculated by Stokes’ 
equation at low Reynolds number (Re < 1).However, when cantilevers are close 
to the surface, the viscous force acting on a moving cantilever at velocity v (µm/s) 
is described by the empirical equation (Janovjak et al., 2005):  
26 eff
eff
a
f v k v
h h
   ,                     A.1  
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where η is the viscosity of liquid (0.001 N*s/m2 for water at room temperature), 
heff is the effective size of tip and h is the tip-surface distance, and aeff is the 
effective size of the cantilever (Figure A.1).  
The drag forces (viscous forces) f were measured at different speeds at 
the same tip-surface distance h. Then the h was varied and forces at different 
cantilever speeds were measured and plotted in Figure A.2A. The dependence of 
the viscous force on the cantilever speed exhibits a linear relationship with the 
slope being the coefficient k in equation A.1.  
 
 
Figure A.2: Calibration of viscous drag forces on cantilevers. A) Drag forces at 
different velocities were fitted with a linear function (equation A.1). Each line 
represents the force-velocity relation at different tip-surface distances h. B) Plot 
of the slope k versus h, and the data were fitted with equation A.5. The best fit 
parameters are aeff=62.9 ± 0.8 µm and heff=5.1 ± 0.2 µm 
 
The k versus h was plotted in Figure A.2B and fitted with equation A.1. The 
parameters obtained from the linear regression are:  
aeff=62.9 ± 0.8 µm and heff=5.1 ± 0.2 µm. When close to surface, k=14.1 pN*s/µm 
or f=14.1*v. Assuming a 15% difference (typical in our measurements) in tip 
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speed with and without the binding event, we obtain the drag force ∆f=2.1*v 
(∆f=14.1*v*15%). To account for the drag force, the rupture force=measured 
force + ∆f. Typically when v>1-2 µm/s, the correction due to the viscous force is 
~3-4 pN.  
A.2 Program for data acquisition 
In experiments where a steady force ramp is applied, the cantilever was 
translated at a constant speed to break a bond. For a typical force curve (Figure 
A.3A), the tip first approaches the surface (RED) and remains at the surface 
(GREEN) with a certain amount of impingement force. Then the tip retracts from 
the surface (BLUE). I wrote a GUI program (Figure A.3B) to increase user 
flexibility when carrying out the pulling measurements.  
 
 
Figure A.3: The panel control function to drive the piezo movement. It works by 
incorporating the codes into the main control panel functions. A) Schematic of 
cantilever movement and B) The GUI interface for various parameter settings. 
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This includes an option to enable the force feedback at a specified 
impingement force, a set-point to specify the contact time at the surface and to 
provide a few more options to specify different parameters as shown in Figure 
A.3B. The original codes were incorporated into the AFM main program in Igor 
Pro.  
List of functions: 
Time to Stay (sec): To specify the contact time to stay at surface.  
Fast µm/s, Dist /nm: To split the retraction movement into two linear sections. 
These two parameters specify the retraction speed of the first step within the 
distance range Dist in nm.  
F@Surface /pN: To use feedback loop to approach to the surface and stop when 
the cantilever deflection force exceeds the value specified by this box.  
The other options are not used typically.  
A.3 Program for data analysis 
The data analysis of single bond rupture forces involves two steps. The 
first step is to review thousands of force traces, one by one, to determine the 
bond rupture forces and the corresponding loading rate, when there is a single 
binding event. Figure A.4 below is the program used to analyze the force traces 
and extract the data such as rupture force and loading rates.  
The original version of this program’s basic structure was written by Dr. 
Bemis at Asylum. I later wrote several improved versions of this program with 
several differences in functionality to carry out different tasks. The typical 
application is shown in the figure below (Figure A.4). The basic task is to obtain 
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the rupture force and the corresponding effective loading rate from a force curve 
exhibiting a single rupture event. The red line represents the approaching curve, 
while the blue line is the retraction curve. The slope of the linear fit (Yellow line in 
Figure A.4) gives the effective loading rate. The data to be fitted are selected by 
the cursors A and B (bottom left, Figure A.4). There are several buttons on the 
panel function. The analysis can be done with different combinations of functions 
with different effectiveness and simplicity. Choose the function sets that fit your 
preference.  
 
 
Figure A.4: The program for the analysis of force traces 
 
Here is a list of main functions.  
Index box: Force curve index, starting from 0. You can shift to another curve 
sequentially by clicking the arrows on the right side or simply type a number to 
jump to that curve.  
Fit: To pick cursor A as the bond’s rupture point, and fit the base-line and slope 
(loading rate) simultaneously.  
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Tabs: To take the force difference between cursor A and B, enter the value in a 
table as the rupture force and then move to the next force curve.  
QBase, Slope: To fit the curve between cursor A and B linearly. The QBase is 
for horizontal linear fit and the Slope is for a linear fit and puts the slope as 
loading rate onto the table.  
Edit: To open up a table with force curve names, rupture force and loading rate.  
GetData: Typically used in the end. Remove all the 0s in the table with rupture 
force and loading rates. It creates a table with only the rupture forces and loading 
rates >0. 
SaveWave: You can save the current data into a txt file if you prefer to deal with 
txt file data. Note: Setup a symbol path before you use this option.  
Histogram: To plot the histogram based on the current batch of files.  
Once you have obtained sufficient rupture forces, the next step is to 
analyze the force distribution to obtain the characteristic parameters of the bonds 
based on certain models. Figure A.5 below is a GUI program I wrote in Igor Pro 
to analyze the force distribution. The rupture force wave is displayed in the 
histogram and fitted with Evans or Szabo’s model (not finished yet).  
List of features in the program: 
QCumulative analysis panel (Panel A in Figure A.5):  
data: The wave name that stores the rupture forces.  
Histogram: To plot the histogram of rupture forces and bring up a second panel 
(Panel B).  
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 Figure A.5: GUI Program for force distribution display and analysis. 
 
QHistogram (Panel B in Figure A.5) 
Data Wave: raw rupture force data.  
Range, BinSize, BinSt: parameters for histogram construction. To plot and real 
time update the histogram with specified bin size, bin start and force range.  
Evans’ Plot part is to add the force distribution line to the histogram, which is 
described by the Evans’ model with parameters of weight A, fβ (Fb) and 
dissociation rates (Koff). Similarly you can add the distribution line from Szabo’s 
model. 
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Appendix B  
Design and Setup of Micropipette Aspiration 
Instrument  
 
The selected hardware and components were chosen based on the 
balance between their specifications and cost. Here I list the parts, design and 
assembly, along with the computer program to communicate with the piezo 
controller.  
B.1 Overview and assembly 
The instrument consists of 5 subsystems (Figure B.1, Table B.1): 
micropipette preparation and setup (A), position manipulation (B), computer 
controlled movement (C), pressure control system (D) and video recording 
system (E). Two opposing micropipettes hold a cell on each side (A) by the 
pressure system (D) to control the pipette aspiration pressure. The alignment and 
positioning of pipettes were manually adjusted through manipulators (B). A 
computer program controls the movement of one pipette through an attached 
piezo (C). The real time video images of cell-cell contacts were recorded with a 
CCD camera (DAGE-MTI CCD100) on the microscope (E) and displayed on a 
monitor. The specification of major parts is listed in Table B.1 and discussed in 
details.  
 
 
 114
Label Parts Functions 
A 
Micropipette puller (Sutter P-97) 
and microforge (Nikon).  
Make micropipette with polished tip 
and desired tip sizes.  
B 
Manipulators (M461 series, 
Newport) with micrometers (HR-
13, Newport; 0.5µm in precision, 
range 0.5 inch, X, Y and Z 
directions.  
Two manipulators with one on each 
side to hold a micropipette. Manually 
position and align the micropipettes 
with submicron precision.  
C 
Electro-piezo actuator (P-
753.1CD, Physik Instrumente) 
and Controller (E665.CR LVPZT 
Amplifier/Servo, PI). 
Positioning the micropipette at sub-
nanometer precision controlled by 
computer interface.  
The controller is to communicate with 
computer. 
D 
Pressure control system, self 
designed and manufactured in 
machine shop 
Control and adjust the micropipette 
pressure.  
E 
Microscope (Zeiss Axio 200M) 
Camera (DAGE-MTI CCD100) 
and a TV monitor. 
Record video of binding interactions. 
Working under 100x oil-emersion. 
Table B.1: List of micropipette aspiration parts 
 
B.2 Micropipette preparation and sample mounting 
The micropipette puller, Sutter P-97 (Sutter Instrument) is used to pull the 
micropipettes. A schematic below shows the principle of micropipette preparation 
(Figure B.2). Our microforge is a home-built, simplified version which is basically 
a heated platinum wire installed on a Nikon microscope with a manipulator 
stationed on the other side to move the micropipette.  
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Figure B.1: (A) The diagram and (B) actual photo of the micropipette aspiration 
setup. 
 
Making the micropipette with the right size (1-2 µm for red blood cells and 
4-6 µm for CHO cells) involves two steps: first is to use the micropipette puller to 
pull a glass pipette end (1mm OD) into a sharp tip. Next use the microforge to cut 
the tip at right size and polish the tip. In the microforge, a low melting-point glass 
bead is attached to the heated platinum wire (Figure B.2). When the micropipette, 
controlled by a manipulator moves close to the glass bead, the liquefied glass 
flows into the micropipette. Once removed from the heat, the glass solidifies and 
breaks at the tip under a slight vibration disturbance (e.g. by knocking the table 
slightly). 
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 Figure B.2: Schematic of the polishing of a micropipette. The glass pipette was 
pulled into a sharp tip by a puller and mounted onto a microforge. A microbead 
(B) was heated by electrical resistance (A) and melted into the tip of the 
approaching micropipette. Once the heat was removed, the glass solidified and 
cut the pipette tip off. Note: this is the official version of making pipettes with 
controllable sizes, depending on the capability of microforges. Typical tip size 
range used in this study is 1-2 µm for red blood cells and 4-6 µm for CHO cells.  
 
Figure B.3 shows how to attach micropipettes to the manipulators. The 
micropipette is jointed to a holder (#MPH3, WPI). First unscrew the pipette holder 
(Figure B.3B) to loosen it. Next insert the micropipette and tighten the screw. Do 
not use too much force to tighten the screw since it is easy to break the holder.  
 
 
 
Figure B.3: Attachment of the micropipette to manipulators: A) schematic 
diagram and B) photograph of the pipette holder. 
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A tube is connected to both the holder and the water chamber of the 
pressure control system on the other side to adjust the pipette pressure. An 
extension rod is screwed and attached to the holder to extend the micropipette. A 
fitting adaptor (Figure B.3B) was designed to attach the entire micropipette 
assembly (w/ holder) to the micromanipulator and piezo.  
B.3 Pressure control system 
The pressure control system (Figure B.4) consists of a U tube 
(micropipette and water chamber represent the two outlets in a U-tube). One can 
adjust the pressure by lifting or lowering the water chamber through the sliders 
(Figure B.4B) for coarse movement and the micrometers for fine adjustment. A 
stand was designed to hold the system on the air table. For simplicity and cost 
consideration, I made one water chamber for each pipette.  
B.4 Computer controls in Labview 
The piezo is connected to the controller that links to a computer through 
an RS232 port. A GUI (graphic user interface) program was written in LabView to 
control the piezo motion (Figure B.5). The program was used to move the piezo. 
The computer outputs the voltage into the controller, whose range is 0-100V 
corresponding to roughly 0-10 µm in displacement. The bar and triangle arrow 
(top middle in Figure B.2) indicate the total movement range and current piezo 
position (Current Position box in Fig B.5), respectively. 
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 Figure B.4: Micropipette pressure control system: A) instrument diagram and B) 
photograph of the actual setup (units in mm) 
 
The two parameters to be set are Move dist (in unit of volts) and Stay 
time (the contact time in seconds). I added several button options to control the 
piezo movement, including Forward move, Backward move, Single run and 
Continuous: 
Forward, Backward: To move the piezo forward or backward from the start with 
the specified distant (voltage). 
Single run: The piezo moves forward, stops for a certain time specified by Stay 
time, and then moves backward to the start position. 
Continuous: To do a Single run in continuously in cycles.  
Stop: To stop the current run (move). 
Timer: The counter in seconds when the surface contact time is larger than 4 sec.  
Reset: Resets everything.  
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This GUI was written in Labview, a graphic programming application. The 
code and procedure diagram of the GUI controls is shown in Figure B.6. This 
program first establishes all of the connections and initializes the status. Then it 
goes into a loop waiting for the command to run (Figure B.5).  
 
 
 
 
Figure B.5: The computer program interface to control the piezo movement. 
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Figure B.6: The main program codes (top) and program diagram (bottom). The 
subroutines of the main program are shown in Figure B.7. 
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Figure B.7: The subroutines for the Labview GUI controls. Subroutine A 
establishes the connections and initializes the status. Subroutine B moves the 
piezo forward (one way) and subroutine C moves the piezo backward. 
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Appendix C  
MTC Data Analysis Programs 
 
C.1 log-normal distribution 
The log-normal distribution is the distribution of a random variable whose 
logarithm is normally distributed. If Y=ln(X) is a random variable with a normal 
distribution with mean μ and variance σ, then X has a log-normal distribution. The 
log-normal distribution of X has the probability density function, 
2 2( ) exp[ (ln( ) ) / 2 ] / ( 2 )f x x x          C.1 
where μ and σ are the mean and standard deviation of the dependent variable 
Y=ln(X). The mean of X is  (typically referred to as the 
algebraic mean) and its variance is 
2( ) exp[( ) / 2]E X   
2 2( ) (exp( )X 21)exp(2 )     . We use the 
geometric mean ux=eμ or
1
n
n N
N x
 

exp( )
, which is independent of the standard deviation 
(or width) of the distribution and the geometric standard deviation eσ in this study. 
The confidence interval for X is eμ / eσ < x < eμ x eσ. The error bar is thus, 
/ exp( )x x xx x x           . Similarly the standard deviation of the 
geometric mean with the sample size of n is eσ with σ replaced by /n n  . 
C.2 Matlab programs for MTC mechanical data analysis 
There are two major Matlab programs used to analyze the data. One was 
developed by Wang’s lab and I modified it a bit to be compatible with my 
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experiments. I wrote a second program to analyze the data in batches, in order to 
make it easier. The two programs have 600+ and 250 lines, respectively. 
Therefore the codes are not posted here for space concerns. Attached below are 
several lines of user-modifiable codes. I will discuss how to use them.  
1st program, file MTC_analysis.m (description after % ): 
twisting_type= 0;  %0: Magnetization at Y direction and twisting field at Z direction     
                                            %1: MagX_TwZ 
bead_diameter= 4.9;   %the bead size in µm; 
C= 1.2;    %dyn/cm2/Gauss/6; bead magnetization constant 
Alpha= 6.8;           %in µm; the prefactor to convert the measured stiffness to Pa 
gauss_per_volt= 35.3; %put 35.3G/A for 1D, 10G/A for 3D;             
µm_per_pixel= 0.3263;  % in µm/pixel, 0.3263 for 20X objectives; 0.1634 for 40X 
selected_beads_flag= 2;    % 0 use all beads without selection  
%1 to select beads with the mouse; 2 to pick the beads to be excluded in analysis 
cycle_vs_frequency   = [3;3;]  % each frequency number, at least 
>=frequency_num  
frequency_num        = 2;      % number of frequencies used when twisting.                                     
xyout=1;    %I added to output x y for each beads each time 
beadmove=1;    %I added to output an image labeled with bead moving  
                                      %direction and proportional displacements 
analyzed_data_directory = 'F:\data\MTC\';   %the folder with the data to be analyzed 
database_file = strcat(analyzed_data_directory,'Cell1.txt')    %copy text file name  
  
There are 3 input files needed for this analysis: a text file with recorded 
bead positions, one bright-field image file of the beads on the cells (Image 1), 
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and one image file (Image 2) with the beads tracked with red-crosses. First 
modify the necessary parameters described above (typically the highlighted lines) 
and add the text file full name and saved folder directory. Once the program is 
started, the program then pops up to ask the user to select the Image 1. The next 
step is to select the beads to track by clicking with a mouse. The final analyzed 
results are saved in an Excel file (the file name includes the text file name). The 
image file is renamed and with numbered tracked beads.    
The 2nd program, file MTC_CT.m analyze all of the stiffness data to get 
the statistics, including the mean, the variance. This program is for the analysis 
of a typical continuous twisting experiment. 
  
Dmin=20;    %displacement limit: in nm to select the beads to analyze      
Dmax=1500; 
 
Setup the parameters for selecting the bead displacement range. A minimum of 
15-30nm and maximum of 1-2 µm are recommended since the resolution of bead 
displacement is ~ 5-10 nm. Bead displacements beyond 1-2 µm are not in the 
linear region (Fabry et al., 2001; Mijailovich et al., 2002). Start the program to 
select the Excel file output from the first program.  
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Appendix D 
Supplementary Data 
 
D.1 Supplementary data for Chapter 2 
Below are the force histograms of both homophilic and heterophilic 
cadherin bonds as discussed in Chapter 2.  
 
 
Figure D.1: Distribution of forces between identical N-cadherin ectodomain 
(NEC1-5) fragments at the indicated pulling rates. The solid lines are the 
probability distributions computed with the parameters in Table 2.1 in Chapter 2.  
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Figure D.2: Distribution of forces between identical E-cadherin EC1-5Fc (EEC1-
5) fragments at the indicated pulling rates. The solid lines are the probability 
distributions computed with the parameters in Table 2.1 in Chapter 2.  
 
 
 
 
Figure D.3: Distribution of forces between identical C-cadherin EC1-5Fc (CEC1-
5) fragments at the indicated pulling rates. The solid lines are the probability 
distributions computed with the parameters in Table 3.1 in Chapter 3.  
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Figure D.4: Distribution of forces between EEC1-5 and CEC1-5 fragments at the 
indicated pulling rates. The solid lines are the probability distributions computed 
with the parameters in Table 2.1 in Chapter 2.  
 
 
 
 
Figure D.5: Distribution of forces between EEC1-5 and NEC1-5 fragments at the 
indicated pulling rates. The solid lines are the probability distributions computed 
with the parameters in Table 2.1 in Chapter 2. 
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Figure D.6: Distribution of forces between CEC1-5 and NEC1-5 fragments at the 
indicated pulling rates. The solid lines are the probability distributions computed 
with the parameters in Table 2.1 in Chapter 2. 
 
D.2 Supplementary data for Chapter 3 
CEC345 vs.CEC1-5 and CEC345 vs.CEC345 interactions 
The force histograms measured between CEC345 and CEC1-5 at all 
pulling rates show a dominant, weak force peak and a minor peak at higher 
forces that is not distinctly separate from the first principal peak (Figure D.7). This 
buried state could be due to the formation of multiple bonds or a separate bound 
state. However, it is difficult to visually identify the most probable forces. W2A vs. 
W2A, W2A vs. CEC345, and CEC345 vs. CEC345 interactions exhibit similar 
force distributions, with a smaller force population at the distribution tail (Figure 
D.7A-B, Figure 3.5). To characterize any potential buried states, multi-state 
cumulative distribution fits and F-tests were carried out as described in section 
3.2 of chapter 3.  
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Figure D.7: Binding between (A) CEC345 fragments and between (B) CEC345 
and CEC1-5. The cumulative distribution of rupture forces between CEC345 and 
CEC1-5 at the pulling rate of 1265 ± 300 pN/s was fitted with the 1-state (B), 2-
state (C), and 3-state (D) models, respectively. (E) The cumulative distribution of 
forces between CEC345 and CEC1-5 and the fitted line. The Fmp of each state 
was plotted against the logarithm of pulling rate (rF), and the parameters from the 
linear regression are summarized in Table D.1. 
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As shown in Figure D.7B-D, the distribution of forces between CEC345 
and CEC1-5 was fitted with single-state and multiple-state models. The F-test 
shows that the 3-state model fits the data best. When comparing the 3-state fit 
with the 2-state fit (Figure D.7C), the 3rd state is located at the very tail of the 
force distribution (Figure D.7D). This may be due to a few nonspecific binding or 
multiple bond interactions. The result from 3-state fit is basically the same as the 
2-state model fit. Therefore, the 2-state model best describes the interaction of 
CEC1-5 and CEC345. Similarly, the interaction between identical CEC345 
fragments was analyzed. The thus obtained bond parameters were used to 
compute the most probable forces that were plotted against the logarithm of 
pulling rates (Figure D.7F). The bond parameters obtained from the linear 
regression of the force spectra in Figure D.7F are summarized in Table D.1.  
The simple double bond model, where the pulling force is equally shared 
by two bonds, can be approximated by the distribution function with the 
parameters of fβ and koff of the single bond replaced by 2fβ and 1.5koff (Perret et 
al., 2004; Williams, 2002), as described in section 3.2 of Chapter 3. The 
parameter values for the “buried states” in Table D.1 are close to the range 
suggested by this double bond model. This suggests that they (force > ~40 pN) 
are likely due to multiple bond interactions.  
 
Table D.1: Bond parameters 
  fβ (pN) koff (s-1) 
1st 5.4 ± 0.4 0.8 ± 0.3 EC345 vs. WT 2nd 8.7 ± 1.8 0.7±1.4 
1st 5.1 ± 0.5 1.6 ± 0.9 EC345 vs. EC345 2nd 10 ± 1.3 0.7 ± 0.4 
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W2A vs. CEC1-5 and W2A vs. CEC12 interactions 
The rupture force distribution for W2A and CEC1-5 (Figure D.8) exhibits 
two peaks, in contrast to the single peak on the histogram for the W2A/W2A 
interaction (Figure 3.5). An F-test showed that the histograms are better 
described by the superposition of two distributions (N=2) with two independent 
force maxima. The linear fits of the most probable rupture forces for each state 
gave koff =1.3 ± 0.9 s-1 and Fβ = 5.4 ± 0.4 pN for the peak at lower rupture forces, 
and koff = 0.02 ± 0.015 s-1 and Fβ = 4.9 ± 0.5 pN for the peak at higher forces 
(Table 3.1). The dissociation rate of the weaker bond is similar to the single 
bonds corresponding to the W2A/W2A and W2A/CEC345 interactions (Table 3.1). 
Analogy with surface force measurements suggests that the strong bond in the 
W2A/CEC1-5 histogram relative to the W2A/W2A force histogram could be due 
to the outer N-terminal interaction, and is presumably due to the one-sided strand 
exchange.  
 
Figure D.8: Force histograms measured for interactions between (A) W2A and 
CEC1-5 and (B) W2A and CEC12. The pulling rates are indicated in the figures. 
Solid lines are probability distributions computed with parameters in Table 3.1.  
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To test whether this interaction involved EC12, the rupture forces between 
W2A and CEC12 were measured, and the force distribution was plotted (Figure 
D.8). The distribution shows two peaks, with the low force peak rather close to 
that of the weak CEC1-5/CEC12 bond. However, the force spectrum of the peak 
at higher forces in the W2A/CEC12 histogram gives the bond parameters (koff = 
0.014 ± 0.01 s-1, Fβ = 4.4 ± 0.4 pN). This is similar to the strong bond between 
W2A and CEC1-5, but one order of magnitude faster than that of CEC1-5/CEC12 
bond (koff  ~ 10-3 s-1). This is consistent with the suggestion that this strong peak 
is due to the one-sided W2 exchange.  
 
Domain deletion mutants 
 
 
Figure D.9: Distribution of forces measured between identical CEC12 fragments 
at the indicated pulling speeds. The solid lines are the probability distributions 
computed with parameters in Table 3. 1.  
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Figure D.10: Distribution of forces measured between identical CEC1-3 
fragments at the indicated pulling speeds. The solid lines are the probability 
distributions with parameters from direct cumulative distribution fit.  
 
 
 
Figure D.11: Distribution of forces measured between identical CEC1-4 
fragments at the indicated pulling speeds. The solid lines are the probability 
distributions computed with parameters in Table 3. 1.  
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Figure D.12: Distribution of forces measured between identical CEC345 
fragments at the indicated pulling speeds. The solid lines are the probability 
distributions with parameters from cumulative distribution fit. 
 
 
 
  
Figure D.13: Distribution of forces measured between identical CEC1245 
fragments at the indicated pulling speeds. The solid lines are the probability 
distributions computed with parameters in Table 3. 1. 
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Figure D.14: Distribution of forces measured between CEC12 and CEC1-5 
fragments at the indicated pulling speeds. The solid lines are the probability 
distributions computed with parameters in Table 3. 1. 
 
 
 
 
Figure D.15: Distribution of forces measured between CEC345 and CEC1-5 
fragments at the indicated pulling speeds. The solid lines are the probability 
distributions computed with parameters in Table 3.1. 
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Figure D.16: Distribution of forces measured between CEC12 and CEC1245 
fragments at the indicated pulling speeds. The solid lines are the probability 
distributions computed with parameters in Table 3.1. 
 
 
 
 
Figure D.17: Distribution of forces measured between CEC1245 and CEC1-5 
fragments at the indicated pulling speeds. The solid lines are the probability 
distributions computed with parameters in Table 3.1. 
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